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homologous	 to	 the	 fore-	 and	hindlimbs	 of	 land	 vertebrates.	 Consequently,	 a	 fundamental	
knowledge	 about	 signalling	 processes	 in	 zebrafish	 paired	 fin	 development	 might	 help	 to	
understand	 limb	 patterning	 and	 congenital	 limb	 defects	 in	 humans.	 All-trans-retinoic	 acid	
(RA)	 is	 a	 key	 factor	 in	 many	 developmental	 processes	 including	 limb	 development.	 The	
current	 model	 for	 forelimb	 development	 was	 predominantly	 determined	 from	 studies	 in	
mice	(Cunningham	et	al.,	2013;	Mic	et	al.,	2002,	2004;	Sandell	et	al.,	2007;	Zhao	et	al.,	2009),	
chicken	 (Nishimoto	et	al.,	2015)	and	zebrafish	 (Begemann	et	al.,	2001;	Gibert	et	al.,	2006;	
Grandel	&	Brand,	 2011;	Grandel	 et	 al.,	 2002).	 It	 suggests	 an	 antagonism	between	RA	 and	
fibroblast	growth	factors	(FGFs)	along	the	anteroposterior	axis,	which	mediates	the	correct	
positioning	of	the	 limb	field	and	establishes	a	permissive	environment	for	the	 induction	of	
limb	 budding	 (Cunningham	 et	 al.,	 2013;	 Zhao	 et	 al.,	 2009).	 Moreover,	 RA	 cooperatively	
interacts	with	β-catenin	signalling	and	Hox	genes	to	control	Tbx5	expression	during	forelimb	
development	 in	 chicks	 (Nishimoto	 et	 al.,	 2015).	 Examinations	 in	 zebrafish	 agree	 with	 the	
requirement	of	RA	for	pectoral	fin	induction	(Gibert	et	al.,	2006).	For	hindlimb	development,	
however,	the	roles	of	RA	are	still	controversial.	The	idea	of	a	similar	role	for	RA	in	fore-	and	
hindlimb	 development	 (Nishimoto	 et	 al.,	 2015)	 contrasts	 with	 the	 opinion	 that	 RA	 is	
dispensable	 for	 hindlimb	 development	 (Zhao	 et	 al.,	 2009).	 In	 the	 zebrafish	 model,	
comparable	studies	investigating	the	role	of	RA	on	pelvic	fin	development	are	missing,	which	
is	why	this	thesis	focused	on	this	particular	question.	
Gene	 expression	 analysis	 on	 zebrafish	 larvae	 revealed	 the	 presence	 of	 Rdh10a,	 Aldh1a2,	
Cyp26b1	 and	Cyp26c1	 transcripts	 during	 the	 early	 stages	 of	 pelvic	 fin	 bud	 formation.	 The	
expression	 pattern	 of	 these	 genes,	 which	 are	 involved	 in	 RA	 synthesis	 and	 metabolism,	
indicated	 the	 establishment	 of	 an	 anteroposterior	 RA	 gradient	 in	 the	 early	 pelvic	 fin	 bud.	
Later,	 activity	 of	 RA	 signalling	 associated	 genes	 was	 detected	 along	 the	 forming	 fin	 rays.	
Based	 on	 heat-shock	 treatments	 of	 transgenic	 Hsp70l:Cyp26a1	 zebrafish	 larvae,	
overexpression	of	Cyp26a1	and	thus	a	reduction	of	the	RA	level	was	achieved	during	pelvic	




the	 formation	of	endo-	and	exoskeletal	pelvic	 fin	structures	could	be	achieved	 if	 the	heat-
shock	 treatment	 was	 started	 before	 the	 first	 signs	 of	 a	 morphological	 fin	 bud	 appeared.	
After	 the	onset	of	 fin	bud	 formation,	Cyp26a1	overexpression	 resulted	 in	 the	 reduction	of	
the	overall	length	of	the	pelvic	girdle	accompanied	by	the	lack	of	diverse	skeletal	elements,	
mostly	the	posterior	process	and	the	radials.	These	results	indicate	a	putative	role	of	RA	in	
the	 pelvic	 fin	 initiation	 process,	 which	 seems	 to	 occur	 during	 a	 limited	 time	 frame.	
Moreover,	 they	 suggest	 a	 role	 of	 RA	 in	 pelvic	 girdle	 patterning	 and	 chondrogenesis.	







et	al.,	 2014;	Wang	et	al.,	 2012)	 -	were	 investigated	and	considered	 suitable	 for	 the	use	 in	
zebrafish.	Tissue-specifity	was	achieved	by	selecting	enhancers	of	the	genes	Prrx1a,	Prrx1b	
and	 Pitx1,	 which	 are	 active	 specifically	 in	 pectoral	 and/or	 pelvic	 fins	 (Chan	 et	 al.,	 2010;	




Driver	 and	 effector	 constructs	 are	 equipped	 with	 minimal	 Tol2	 cis	 sequences	 mediating	
transgene	 integration	 into	 the	 genome	 by	 Tol2	 transposase	 activity.	 Moreover,	 different	
marker	 genes	 facilitate	 the	 identification	 of	 single	 or	 multiple	 transgenic	 zebrafish.	 As	 a	
proof-of-principle,	the	activation	of	dnRarα2a	expression	in	F3	embryos	of	5xUAS:dnRarα2a-
IRES-eGFP	 zebrafish	 by	 injection	 of	 KalTA4-ERT2-GI	 mRNA,	 followed	 by	 induction	 with	 4-
hydroxy-tamoxifen	(4-OHT)	was	demonstrated.	Altogether,	 the	basis	 for	a	valuable	genetic	








Die	 molekularen	 Mechanismen,	 welche	 die	 Entwicklung	 von	 paarigen	 Extremitäten	
kontrollieren,	 sind	 unter	 Vertebraten	 weitreichend	 konserviert.	 Die	 paarigen	 Flossen	 von	
Fischen	 -	 die	 Brust-	 und	 Bauchflossen	 -	 sind	 homolog	 zu	 den	 vorderen	 und	 hinteren	
Extremitäten	 von	 Landwirbeltieren.	 Demnach	 kann	 ein	 fundiertes	 Wissen	 über	 die	
ablaufenden	 Signalwege	 während	 der	 Entwicklung	 paariger	 Flossen	 im	 Zebrabärbling	
möglicherweise	 Aufschluss	 geben	 über	 angeborene	 Defekte	 der	 Extremitäten	 beim	
Menschen.	Das	aktuelle	Modell	zur	Entwicklung	von	Extremitäten	basiert	überwiegend	auf	
Studien	an	Mäusen	 (Cunningham	et	 al.,	 2013;	Mic	et	 al.,	 2002,	 2004;	 Sandell	 et	 al.,	 2007;	
Zhao	et	al.,	2009),	Hühnern	(Nishimoto	et	al.,	2015)	und	Zebrabärblingen	(Begemann	et	al.,	
2001;	Gibert	et	al.,	2006;	Grandel	&	Brand,	2011;	Grandel	et	al.,	2002).	Es	beschreibt	unter	
anderem	 einen	 Antagonismus	 zwischen	 Retinsäure	 und	 Fibroblasten-Wachstumsfaktoren	
entlang	der	anteroposterioren	Achse,	welcher	die	Positionierung	der	Extremität	festlegt	und	
die	 Vorrausetzung	 für	 die	 Induktion	 der	 Extremitäten-Knospe	 schafft	 (Cunningham	 et	 al.,	
2013;	 Zhao	 et	 al.,	 2009).	 Zur	 Aktivierung	 der	 Tbx5-Expression	 in	 Hühnern,	 interagiert	
Retinsäure	 zudem	 in	 kooperativer	 Art	 und	 Weise	 mit	 Komponenten	 des	 β-Catenin	
Signalweges	sowie	mit	Hox	Genen	(Nishimoto	et	al.,	2015).	Untersuchungen	an	Embryonen	
des	 Zebrabärblings	 deuten	 ebenfalls	 auf	 eine	 Funktion	 von	 Retinsäure	 bei	 der	 frühen	
Induktion	der	Brustflosse	hin	(Gibert	et	al.,	2006).	In	Bezug	auf	die	Entwicklung	der	hinteren	
Extremitäten	sind	die	Funktionen	von	Retinsäure	bisher	noch	widersprüchlich.	Hierbei	steht	
die	 Idee	 einer	 ähnlichen	 Rolle	 von	 Retinsäure	 in	 vorderen	 und	 hinteren	 Extremitäten	
(Nishimoto	 et	 al.,	 2015)	 der	 Meinung	 gegenüber,	 dass	 Retinsäure	 für	 die	 Entwicklung	
hinterer	 Gliedmaßen	 nicht	 notwendig	 ist	 (Zhao	 et	 al.,	 2009).	 Vergleichbare	 Studien	 im	
Zebrabärbling	 fehlen	 in	 diesem	 Zusammenhang	 noch,	 weshalb	 sich	 diese	 Arbeit	 auf	 die	
Aufklärung	ebendieser	Fragestellung	fokussiert.		
Eine	Analyse	der	Genexpression	von	Rdh10a,	Aldh1a2,	Cyp26b1	und	Cyp26c1	an	Larven	des	
Zebrabärblings	 bestätigte	 die	 Aktivität	 dieser	 Gene,	 welche	 Teil	 der	 Retinsäure-Synthese	
sowie	 ihres	 Metabolismus	 sind,	 während	 der	 frühen	 Entwicklung	 der	 Bauchflosse.	 Ihr	
Expressionsmuster	deutet	auf	die	Bildung	eines	anteroposterioren	Retinsäure-Gradienten	in	
den	 frühen	 Stadien	 der	 Flossenknospe	 hin.	 Später	 wurde	 die	 Aktivität	 von	 Genen	 des	
Retinsäure-Signalweges	 entlang	 der	 sich	 bildenden	 Flossenstrahlen	 nachgewiesen.	
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Ausgehend	 von	 Hitzebehandlungen	 transgener	Hsp70l:Cyp26a1	 Larven	 des	 Zebrabärblings	
wurde	während	der	Bauchflossenentwicklung	eine	Überexpression	von	Cyp26a1	und	damit	
eine	 Verringerung	 des	 Retinsäure-Pegels	 hervorgerufen.	 Aus	 den	 erhaltenen	 Ergebnissen	
wurde	eine	wichtige	Rolle	von	Retinsäure	während	der	Bauchflossenentwicklung	abgeleitet.	
Die	 Bildung	 von	 Elementen	 des	 Endo-	 und	 Exo-Skelettes	 konnte	 bei	 Beginn	 der	
Hitzebehandlung	 vor	 dem	 Auftreten	 erster	 morphologischer	 Anzeichen	 einer	
Bauchflossenknospe	 vollständig	 unterdrückt	 werden.	 Nach	 dem	 Einsetzen	 der	
Flossenknospenbildung	 führte	 die	 Überexpression	 von	Cyp26a1	 zu	 einer	 Verringerung	 der	









mit	 dem	 Ziel,	 eine	 räumlich	 und	 zeitlich	 gesteuerte	 Manipulation	 des	 Retinsäure-
Signalweges	zu	ermöglichen.	Hierbei	dienen	die	Treiber-Linien	der	Expression	von	hormon-	
oder	 light-induzierbaren	 Gal4-Varianten,	 welche	 unter	 der	 Kontrolle	 von	 gewebe-
spezifischen	 regulatorischen	 Elementen	 erfolgt.	 In	 diesem	 Zusammenhang	 wurden	 drei	
verschiedene	Gal4-Varianten	 -	 ERT2-Gal4-VP16,	 KalTA4-ERT2	 und	GAVPO	 (Akerberg	 et	 al.,	
2014;	Distel	et	al.,	2009;	Gerety	et	al.,	2013;	Kajita	et	al.,	2014;	Wang	et	al.,	2012)	-	getestet	
und	 für	 das	 Modellsystem	 Zebrabärbling	 als	 geeignet	 eingestuft.	 Die	 Gewebespezifität	
wurde	 durch	 die	Wahl	 von	 regulatorischen	 Elementen	 der	 Gene	Prrx1a,	Prrx1b	 und	Pitx1	
ermöglicht,	welche	spezifisch	in	Brust-	und/oder	Bauchflossen	aktiv	sind	(Chan	et	al.,	2010;	
Hernández-Vega	&	Minguillón,	2011).	Die	Effektor-Linien	sind	für	die	Expression	von	Genen	
verantwortlich,	 welche	 den	 Retinsäure-Signalweg	 inhibieren.	 Diese	 kodieren	 entweder	 für	
eine	 dominant-negative	 Version	 des	 Retinsäure-Rezeptors	 Rarα2a	 (dnRarα2a)	 (Stafford	 et	
al.,	 2006)	 oder	 Cyp26a1.	 Ihre	 Expression	 wird	 durch	 fünf	 repetitive	 (5x)	 oder	 vier	 nicht-
repetitive	 (4xnr)	 vorgeschaltete	Aktivator-Sequenzen	 (UAS)	gesteuert	 (Akitake	et	al.,	2011;	
Goll	 et	 al.,	 2009).	 Treiber-	 und	 Effektor-Linien	 sind	 mit	 Tol2	 cis	 Sequenzen	 ausgestattet,	
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anhand	 derer	 aktive	 Tol2	 Transposase	 die	 Integration	 des	 Transgens	 in	 das	 Genom	
ermöglicht.	 Zudem	 erleichtern	 verschiedene	Marker-Gene	 die	 Identifizierung	 einfach	 oder	
mehrfach	 transgener	 Zebrabärblinge.	 Zur	 Bestätigung	 des	 Funktionsprinzip	 wurde	 die	
Aktivierung	 der	 dnRarα2a-Expression	 in	 F3-Embryonen	 der	 Linie	 5xUAS:dnRarα2a-IRES-
eGFP,	 nach	 Injektion	 von	 KalTA4-ERT2-GI-mRNA	 und	 anschließender	 Induktion	 mit	 4-
Hydroxytamoxifen	 (4-OHT),	 demonstriert.	 Insgesamt	 wurde	 somit	 die	 Basis	 für	 ein	
wertvolles	genetisches	Werkzeug	geschaffen,	welches	mehrere	Vorteile	 ineinander	vereint:	
eine	einfache	und	praktische	Anwendung,	eine	vereinfachte	Identifizierung	von	transgenen	



































































































































All-trans-retinoic	 acid	 (RA)	has	been	 identified	 as	 the	biologically	 active	 form	of	 vitamin	A	
more	 than	 70	 years	 ago	 (Arens	 &	 van	 Dorp,	 1946c,	 1946b,	 1946a).	 The	 small,	 lipophilic	
molecule,	consisting	of	a	β-ionone	ring	and	a	polyene	hydrocarbon	chain,	is	functioning	as	a	
diffusible	morphogen	and	 is	a	key	player	 in	vertebrate	embryonic	development	 (Dubey,	et	
al.,	2018;	Thaller	&	Eichele,	1987)	(Fig.	1A).	It	is	crucial	that	RA	acts	in	exactly	the	right	places	
and	 in	 the	appropriate	concentration,	which	 is	why	a	precise	 regulation	of	RA	signalling	 is	
indispensable.	During	 critical	 developmental	 stages,	 vitamin	A	deficiency	 (VAD)	 (Maden	et	
al.,	1996;	Wilson	et	al.,	1953)	as	well	as	an	excess	of	vitamin	A	have	teratogenic	effects	and	






or	 plant	 sources,	 respectively.	 The	 de	 novo	 synthesis	 of	 retinoids	 and	 carotenoids	 is	 only	
possible	 in	 plants	 and	 certain	 microorganisms	 (Asson-Batres	 &	 Rochette-Egly,	 2016;	 IARC	
Handbooks	of	Cancer	Prevention,	1998;	Rhinn	&	Dollé,	2012).	
In	the	organism,	RA	storage	takes	place	as	ROL	or	retinyl	esters	 in	the	 liver.	To	mobilize	 it,	
ROL	is	bound	by	retinol	binding	protein	4	(Rbp4),	which	mediates	the	transport	to	the	target	
tissues.	 In	 birds	 and	mammals,	 holo-Rbp	 additionally	 forms	 a	 complex	 with	 transthyretin	
(TTR)	to	stabilize	the	complex	and	to	prevent	degradation	of	retinol	by	the	kidney	(Bellovino	
et	al.,	 2003;	Rhinn	&	Dollé,	2012).	Holo-Rbp	 then	binds	 to	 the	membrane-bound	 receptor	
protein	 Stra6,	 which	 catalyses	 the	 release	 of	 retinol	 into	 the	 cytoplasm	 where	 it	 is	
complexed	by	cellular	retinoid	binding	proteins	(Crbp)	(Kawaguchi	et	al.,	2007;	Kawaguchi	et	









excess	ROL	 (Molotkov	et	al.,	2002).	 In	contrast	 to	 that,	Rdh10	 is	essential	 for	RA	synthesis	
and	embryonic	development.	Knockout	of	Rdh10	in	mice	results	in	severe	defects,	which	are	
for	example	reduced	forelimbs,	impaired	organogenesis	and	facial	malformations,	especially	
concerning	 the	 eyes	 and	 the	nose	 (Rhinn	 et	 al.,	 2011;	 Sandell	 et	 al.,	 2007).	 In	 the	 second	
step,	 RAL	 is	 irreversibly	 oxidized	 to	 RA	 by	 retinaldehyde	 dehydrogenases	 (Raldh1-3,	 also	
known	 as	 Aldh1a1-a3).	 The	 main	 RA	 producing	 enzyme	 in	 embryonic	 development	 is	
Aldh1a2.	 The	 mouse	 knockout	 mutant	 for	 Aldh1a2	 dies	 at	 mid-gestation	 and	 shows	 a	
truncation	of	the	body	axis,	defects	in	the	hindbrain,	the	heart	and	other	organs	as	well	as	





and	 excretion	 of	 RA.	 RA	 is	 converted	 to	 more	 polar	 compounds	 by	 the	 enzymes	
Cyp26a1/b1/c1	 from	 the	 cytochrome	P450	 family.	Cyp26	enzymes	are	heme-containing	4-
hydroxylases,	modifying	 RA	 at	 the	 C-4	 or	 C-18	 of	 the	 β-ionone	 ring,	 to	 create	 4-	 and	 18-
hydroxy-RA.	Further	conversion	by	oxidoreductases	results	in	the	production	of	4-oxo-RA	or	
5,6-epoxy-RA	(Fig.	1).	For	the	latter,	some	bioactivity	similar	to	RA	was	shown	in	VAD	quails	
and	Xenopus	 embryos.	 However,	 the	 fast	 degradation	 of	 these	metabolites	 is	 believed	 to	
prevent	 their	 action	 in	 RA	 signalling	 under	 normal	 circumstances	 (Chithalen	 et	 al.,	 2002;	
Dubey	et	al.,	2018;	Pijnappel	et	al.,	1993;	Reijntjes	et	al.,	2005).	In	vitro,	Cyp26a1	shows	the	
highest	catalytic	efficiency,	indicating	that	this	might	be	the	major	RA	metabolizing	enzyme	
(Lutz	 et	 al.,	 2009).	 All	 three	 Cyp26	 genes	 are	 conserved	 among	 species	 and	 show	 a	
differential	 expression	 during	 embryonic	 development,	 with	 Cyp26a1	 being	 extensively	
expressed	in	the	tailbud	of	both	mouse	and	zebrafish	embryos	and	Cyp26b1	particularly	 in	
the	 distal	 limb	 bud	 mesenchyme	 (Yashiro	 et	 al.,	 2004).	 Moreover,	 Cyp26	 genes	 show	 a	
specific	 expression	 pattern	 during	 hindbrain	 development	 (Sirbu	 et	 al.,	 2005).	 It	 is	 often	
observed	that	 the	expression	domains	of	Cyp26	genes	are	 in	the	 immediate	vicinity	of	 the	
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Fig.	 1	 The	 RA	 signalling	 pathway	 A:	 Chemical	 structures	 of	 the	 major	 retinoids	 relevant	 in	 the	 RA	
pathway.	 B:	 Schematic	 representation	 of	 the	 retinoic	 acid	 (RA)	 signalling	 pathway.	 Maternal	 or	 yolk	
derived	retinol,	bound	to	retinol	binding	protein	4	(Rbp4),	is	internalized	via	the	receptor	protein	Stra6.	In	
the	cell,	 it	 is	bound	by	a	cellular	Rbp	 (Crbp).	The	oxidation	 to	RA	 takes	place	 in	 two	steps.	First,	 retinol	
(ROL)	 is	 reversible	 transformed	 to	 retinal	 (RAL)	 by	 alcohol	 dehydrogenases	 (Adh)	 or	 retinol	
dehydrogenases	(Rdh),	especially	Rdh10.	In	the	second	step,	catalysed	by	retinaldehyde	dehydrogenases	
1-3	 (Aldh1a1-a3),	RAL	 is	 irreversible	oxidized	 to	RA.	When	RA	enters	 the	nucleus,	 it	binds	 to	 its	nuclear	
receptor,	 retinoic	 acid	 receptor	 (Rar),	 which	 forms	 a	 heterodimer	 with	 retinoid	 X	 receptor	 (Rxr).	 The	
heterodimeric	 receptor	 complex	 is	 bound	 to	 RA	 response	 elements	 (RAREs).	 In	 case	 of	 Rarα,	 it	 is	
associated	with	co-repressors	in	absence	of	RA,	preventing	target	gene	expression.	RA	binding	results	in	




































the	 retinoid	 X	 receptor	 (Rxr)	 (Fig.	 1B).	 There	 are	 three	 receptor	 isoforms	 each,	which	 are	
Rarα,	 Rarβ,	 Rarγ	 and	 Rxrα,	 Rxrβ,	 Rxrγ,	 respectively.	 Each	 of	 them	 is	 highly	 conserved	






with	 the	DNA	binding	domain	being	 located	 in	 region	C	 (Chambon,	1996;	Rochette-Egly	&	
Germain,	2009)	(Fig.	2B).	The	heterodimeric	Rar/Rxr	complex	is	bound	to	specific	regions	of	
the	DNA,	called	RA	response	elements	(RAREs).	This	binding	occurs	even	in	the	absence	of	
RA	 (Duester,	 2008;	 Rhinn	 &	 Dollé,	 2012)	 (Fig.	 1B).	 Whether	 downstream-located	 target	
genes	are	actively	transcribed	or	kept	inactive	is,	at	least	in	case	of	Rarα,	depending	on	the	
C-terminal	helix	12	(H12)	with	its	ligand	dependent	transcription	activation	function	and	the	
C-terminal	F	domain.	 In	absence	of	RA,	H12	 is	 in	a	protruding	position	that	 is	stabilized	by	
the	F	domain	(Farboud	&	Privalsky,	2004).	In	this	form,	Rarα	exposes	a	hydrophobic	pocket,	
formed	by	 the	helices	 3	 and	4	 (H3,	H4),	 to	which	 co-repressors	 like	 SMRT	and	N-CoR	 can	
attach.	 The	 co-repressors	 then	 block	 the	 docking	 surface	 of	 H12	 thus	 inhibiting	 its	
interaction	with	co-activators	(Fig.	2A).	The	binding	of	RA	causes	a	conformational	change	in	
the	 receptor	 that	 results	 in	 the	 repositioning	of	H12,	which	 subsequently	 caps	 the	 ligand-
binding	 pocket	 (LBP)	 and	 in	 this	 way	 stabilizes	 the	 ligand-bound	 state.	 Dissociation	 of	
repressive	 factors	 follows	 and	H3,	H4	 and	H12,	which	 are	now	 located	 in	 close	proximity,	
generate	a	new	interaction	interface	that	triggers	the	recruitment	of	co-activators	(Fig.	2A).	
This	 finally	 leads	to	the	transcription	of	corresponding	target	genes	(Bourguet	et	al.,	2000;	
Egea	 et	 al.,	 2001;	 Renaud	 et	 al.,	 1995;	 Rochette-Egly	 &	 Germain,	 2009;	 Steinmetz	 et	 al.,	
2001).	 In	 contrast	 to	 that,	 Rarβ	 and	 Rarγ	 are	 able	 to	 activate	 modest	 target	 gene	
transcription	also	in	the	absence	of	RA	and	show	barely	any	interaction	with	co-repressors.	
The	 reasons	 for	 this	 phenomenon	 are	 differences	 in	 the	 amino	 acid	 sequence	 of	H3.	 It	 is	
assumed	 that	 there	 is	 a	 constant	 interaction	 of	 H3	 and	 H12	 in	 these	 receptor	 subtypes,	
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which	 enables	 co-activator	 recruitment	 even	 in	 a	 ligand-free	 surrounding	 (Farboud	 &	
Privalsky,	2004;	Hauksdottir	et	al.,	2003;	Privalsky,	2004).		
As	 most	 components	 of	 the	 RA	 signalling	 pathway,	 Rars	 and	 Rxrs	 are	 highly	 conserved	








Fig.	 2	 Mechanism	 of	 Rar	 mediated	 target	 gene	 repression	 and	 activation.	 A:	 Model	 showing	 the	
structural	alternations	in	Rarα	upon	ligand	binding.	 In	absence	of	RA,	the	helix	12	(H12)	protrudes	from	
the	rest	of	the	protein,	exposing	the	free	hydrophobic	ligand-binding	pocket	(LBP).	At	the	same	time,	H3	



































and	 medicinal	 research	 during	 the	 last	 decades.	 The	 small	 teleost	 fish	 of	 the	 Cyprinidae	
family	 is	typically	habituated	in	slow	moving	streams	or	still	pools	throughout	India	and	its	
neighbouring	 countries	 like	 Pakistan,	 Nepal	 or	 Bangladesh	 (Engeszer	 et	 al.,	 2007;	 Parichy,	
2015).	 In	 its	 natural	 environment	 it	 was	 first	 described	 in	 1822	 by	 the	 Scottish	 physician	
Francis	Hamilton	(Hamilton,	1822).	 Its	career	as	a	model	organism	in	 life	science	started	in	
the	mid-1960s	when	George	Streisinger	decided	to	investigate	the	embryonic	development	
of	 the	 vertebrate	 nervous	 system.	 To	 fully	 understand	 these	 complex	 mechanisms	 he	





model	 organism	 for	 forward	 genetic	 applications.	 Two	 large	 scaled	 mutagenesis	 screens	
followed	in	the	1990s	and	brought	about	more	than	4000	recessive	mutant	phenotypes	that	
exhibit	developmental	defects	 in	diverse	organ	systems	(Driever	et	al.,	1996;	Haffter	et	al.,	




Due	 to	 its	 excellent	 genetic	 accessibility	 and	 its	 various	 other	 advantages,	 like	 the	 high	
reproductive	rate,	relatively	short	generation	time	and	the	comparatively	simple	husbandry,	















knowledge	 on	 limb	 formation	 was	 obtained	 from	 studies	 on	 chick	 and	 mouse	 embryos,	
however,	the	molecular	mechanisms	that	control	the	development	of	paired	extremities	are	
broadly	conserved	among	vertebrate	 species.	Only	 recently,	 the	 zebrafish	came	 into	 focus	
for	investigation	of	pectoral	and,	to	a	lesser	extend,	pelvic	fin	development.	
Pectoral	 fin	development	 commences	 very	early	 in	embryonic	development,	with	 the	 first	
signs	of	a	 fin	bud	appearing	at	28	hours	post	 fertilization	 (hpf).	 The	pectoral	 fin	 is	 initially	
built	as	a	larval	form	consisting	of	a	single	cartilaginous	endoskeletal	disc	that	undergoes	a	
conversion	to	the	adult	form	after	three	weeks	of	development	(Dewit	et	al.,	2011;	Grandel	




(wpf),	 which	 makes	 researching	 them	 more	 challenging	 and	 time-consuming.	 These	 fins	
develop	 their	 adult	 structure	 directly	 (Grandel	 &	 Schulte-Merker,	 1998).	 Their	 function	 is	







ninth	and	 tenth	myotome,	 right	 in	 front	of	 the	anus	 (Don	et	al.,	2013;	Grandel	&	Schulte-








the	 anterior	 process,	 the	 fin	 base	 and	 the	 posterior	 process.	 The	 fin	 base	 designates	 a	
thickened	 part	 of	 the	 pelvic	 girdle	 that	 is	 associated	with	 several	 radials	 and	 anchors	 the	
lepidotrichs	 (Fig.	 3A-C).	 The	 posterior	 process	 is	 located	 posterior	 to	 the	 fin	 base	 and	 is	











fins	 of	 fli:eGFP;col2a1:mCherry	 double	 transgenic	 zebrafish	 larvae	 and	 juveniles	 of	 pelvic	 fin	
developmental	Stages	5,	7,	9	and	14.	The	col2a1	marker	stains	chondrocytes	(D-G)	while	the	fli	marker	





folds examined, either seven or eight lepidotrichs were
counted (average 7.5).
All lepidotrichs b long t the soft ray type. Each one
consists of a pair of half rays which in cross-section appear
as a pair of brackets (cf. Fig. 11B). The half rays are seg-
mented along their proximodistal axis and segment length
decreases from proximal to distal (Fig. 3A,B). Only the first
segment is structurally specialized in a way that reflects
muscular insertions and thus fin type (Fig. 3C–E). Lepido-
trichs can be unbranched or branched in a dichotomous
manner (Figs. 1D and 2A). The branching behaviour,
although variable, is not totally random. The anterior or
leading edge of the finfold is supported by an unbranched
marginal ray. Most of the other rays caudal to the marginal
ray are branched but there is a decreasing frequency of
branching near the posterior or trailing edge of the fins. In
branched rays, the anterior branch is more frequently
observed to branch a second time than the posterior branch
in the pectoral fins, whereas the opposite is true in the pelvic
fins.
2.2. Development of the paired fins
The paired fin anlagen arise from local mesenchymal
proliferations which produce mounds that protrude distally
from the ventrolateral body wall (Fig. 4A,B). These swel-
lings are termed fin buds in analogy to the limb buds of
the paired limb anlagen of tetrapods (Bouvet, 1968). The
origin of the mesenchyme is not certain but is conven-
tionally interpreted as mesodermal (see Géraudie and
François,; Smith et al., 1994, for discussion of possible ori-
gins). During development, the mesenchyme of the fin buds
becomes divided into two parts which differ in location and
prospective fate and will be referred to as proximal mes-
enchyme (myo- and endoskeletogenic) and distal mesench-
yme (exoskeletogenic in the fin fold).
2.2.1. Development of the pectoral fins
The pectoral fins develop in two phases. Prior to hatching,
during the second and third day of embryonic development,
functional larval pectoral fins develop in the first develop-
mental phase. In contrast to the adult fins, the larval appen-
dages are characterized by their vertical orientation with
reference to the anteroposterior body axis, by less complex
endoskeletons and by fin folds which are supported by acti-
notrichs (Fig. 7C). The larval structure of the pectoral fins is
maintained during the first two weeks of life. In the course
of the third week (5.4–5.8 mm), the second phase of pec-
toral fin development begins, ultimately leading to the adult
structure (Fig. 1D). The fins gradually rotate into a near-
horizontal position with respect to the anteroposterior body
axis, the endoskeletons are restructured and expanded, and
the lepidotrichs develop within the fin folds.
First phase: development of the larval pectoral fins. A
lateral view of a living embryo and a cross section through
an embryo at the beginning of the second day show the
location and orientation of the pectoral fin bud with respect
to the trunk (Fig. 4A,B). On the dorsal side of the embryo
the neural tube and the notochord as well as omitic mu -
culature have already differentiated whereas ventrally the
endoderm remains mesenchymal in character projecting
against a groove in the yolk. The somatopleure which
gives rise to the peritoneal epithelium and the pectoral fin
buds is growing laterally around the yolk between the yolk
syncytial layer and the epidermis. The pectoral fin buds are
localized lateral to the second and third myotome. Their
anteroposterior axis is almost parallel to the anteroposterior
body axis, their proximodistal axis is parallel to the dorso-
ventral body axis, and their dorsoventral axis is parallel to
the mediolateral body axis with the dorsal side of the fin
buds facing the myotomes. In the following description the
orientation of the pectoral fin axes is given with respect to
these initial conditions.
At the end of the first day (stage: prim3; ~23 hpf; stages
Fig. 2. (A–C) Alizarin-red/Alcian-blue stained pelvic girdle and fin skele-
tons of a 17 mm subadult sp cimen. (A) Ventral view of left and right
pelvic girdles and fins, general aspect. (B) Detail of (A) showing the fin
base with girdle and radials. (C) Detail of (A) showing lepidotrich inser-
tion at the fin base. fb, region of the fin base; lep, lepidotrich; ff, fin fold;
lig, ligament joining the left and right girdles; mr, marginal ray; pg, pelvic
girdle; pp, posterior process; r, radial. Anterior is to the left. Scale bars, (A)
0.5 mm; (B,C) 0.2 mm.
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folds examined, either seven or eight lepidotrichs were
counted (average 7.5).
All lepidotrichs belong to the soft ray type. Ea h one
consists of p r of half rays which in cross-section appear
as a pair of brackets (cf. Fig. 11B). The half rays are seg-
mented along their proximodistal axis and segment length
decreases from proximal to distal (Fig. 3A,B). Only the first
segment is structurally specialized in a way that reflects
muscular insertions and thus fin type (Fig. 3C–E). Lepido-
trichs can be unbranched or branched in a dichotomous
manner (Figs. 1D and 2A). The branching behaviour,
although varia le, is not totally random. The anterior or
leading edge of the finfold is support d by an unbranch d
marginal ray. Most of the other rays caudal to the marginal
ray are branched but there is a decreasing frequency of
branching near the posterior or trailing edge of the fins. In
branched rays, the anterior branch is more frequently
observed to branch a second time than the posterior branch
in the pectoral fins, whereas the opposite is true in the pelvic
fins.
2.2. Development of the paired fins
The paired fin anlagen arise from local mesenchymal
proliferations which produce mounds that protrude distally
from the ventrolateral body wall (Fig. 4A,B). These swel-
lings are termed fin buds in analogy to the limb buds of
the paired limb anlagen of tetrapods (Bouvet, 1968). The
origin of the mesenchyme is not certain but is conven-
tionally interpreted as mesodermal (see Géraudie and
François,; Smith et al., 1994, for discussion of possible ori-
gins). During development, the mesenchyme of the fin buds
becomes divided into two parts which differ in location and
prospective fate and will be referred to as proximal mes-
enchyme (myo- and endoskeletogenic) and distal mesench-
yme (exoskeletogenic in the fin fold).
2.2.1. Development of the pectoral fins
The pectoral fins develop in two phases. Prior to hatching,
during the second and third day of embryonic development,
functional larval pectoral fins develop in the first develop-
mental phase. In contrast to the adult fins, the larval appen-
dages are characterized by their vertical orientation with
reference to the anteroposterior body axis, by less complex
endoskeletons and by fin folds which are supported by acti-
notrichs (Fig. 7C). The larval structure of the pectoral fins is
maintained during the first two weeks of life. In the course
of the third week (5.4–5.8 mm), the second phase of pec-
toral fin development begins, ultimately leading to the adult
structure (Fig. 1D). The fins gradually rotate into a near-
horizontal position with respect to the anteroposterior body
axis, the endoskeletons are restructured and expanded, and
the lepidotrichs develop within the fin folds.
First phase: development of the larval pectoral fins. A
lateral view of a living embryo and a cross section through
an embryo at the beginning of the second day show the
location and orientation of the pectoral fin bud with respect
to the trunk (Fig. 4A,B). On the dorsal side of the embryo
the neural tube and the notochord as well as somitic mus-
culature have already differentiated whereas ventrally the
endoderm remains mesenchymal in character projecting
against a groove in the yolk. The somatopleure which
gives rise to the peritoneal epithelium and the pectoral fin
buds is growing laterally around the yolk between the yolk
syncytial layer and the epidermis. The pectoral fin buds are
localized lateral to the second and third myotome. Their
anteroposterior axis is almost parallel to the anteroposterior
body axis, their proximodistal axis is parallel to the dorso-
ventral body axis, and their dorsoventral axis is parallel to
the mediolateral body axis with the dorsal side of the fin
buds facing the myotomes. In the following description the
orientation of the pectoral fin axes is given with respect to
these initial conditions.
At the end of the first day (stage: prim3; ~23 hpf; stages
Fig. 2. (A–C) Alizarin-red/Alcian-blue stained pelvic girdle and fin skele-
tons of a 17 mm subadult specimen. (A) Ventral view of left and right
pelvic girdles and fins, general aspect. (B) Detail of (A) showing the fin
base with girdle and radials. (C) Detail of (A) showing lepidotrich inser-
tion at the fin base. fb, region of the fin base; lep, lepidotrich; ff, fin fold;
lig, ligament joining the left and right girdles; mr, marginal ray; pg, pelvic
girdle; pp, posterior process; r, radial. Anterior is to the left. Scale bars, (A)
0.5 mm; (B,C) 0.2 mm.
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folds examined, either seven or eight lepidotrichs wer
counted (average 7.5).
All epidot belong to the soft ray type. Each one
consi t of a pair of half rays which in cross- ection appear
as a pair of brackets (cf. Fig. 11B). The half rays are seg-
mented along their proximodistal axis and segment length
decrease from proximal to distal (Fig. 3A,B). O ly the fi st
segment is tructurally specialized in a way that reflects
muscular insertions and thus fin type (Fig. 3C–E). Lepido-
trichs can be unbranched or branched in a dichot mous
manner (Figs. 1D and 2A). The bra ching behaviour,
although v riable, is not o ally rand m. The anterior or
leading edge of the finfold is upported by an unbranched
marginal ray. Most of the other ays caudal to the marginal
ray are branched but her is a decreasing frequency of
branching near the posterior or traili g edge of the fins. In
branched rays, the anterior branch is more frequently
observed to branch a second time than the posterior branch
in the pectoral fins, wher as the opposite is true in the pelvic
fins.
2. Development of the paired fins
The paired fin anlagen arise from local mesenchymal
proliferations which produce mounds that protrude distally
from the ventrolateral body wall (Fig. 4A,B). These swel-
lings are termed fin buds in analogy to the limb buds of
the paired limb anlagen of te rapods (Bouvet, 1968). The
orig n of the mesenchyme is not certain but is conven-
tionally interpret d as mesodermal (see Géraudie and
François,; Smith et al., 1994, for discussion of possible ori-
gins). During development, the mesenchyme of the fin buds
becomes div ded into two parts which differ in location and
prospective fate and will be ref rred to as proximal mes-
enchyme (myo- and endoskel togenic) and istal mesench-
yme (exoskel togenic in the fin fold).
2. 1 Development of the pectoral fins
The pectoral fins develop in two phases. Prior to hatching,
during the second and third ay of embryonic development,
functional arval pectoral fins develop in the first develop-
mental phase. In contrast to the adult fins, the larval ap en-
dages are char cterized by their vertical orienta ion with
ref r nce to the anteroposterior body axis, by less complex
endoskel tons and by fin folds which are sup orted by acti-
notrichs (Fig. 7C). The larval structure of the pectoral fins is
maintained uring the first two weeks of life. In the course
of the third week (5.4–5.8 m ), the second phase of pec-
toral fin development begins, ultimately leading to the adult
structure (Fig. 1D). The fins gradually rota e into a near-
horizontal position with respect to the anteroposterior body
axis, the ndoskel tons are restructured and expanded, and
the lepidotrichs develop within the fin folds.
First phase: development of the larval pectoral fins. A
lateral view of a living embryo and a cross ection through
an embryo at he beginni g of the second day show the
location and orienta ion of the pectoral fin bud with respect
to the trunk (Fig. 4A,B). On the dorsal side of the mbryo
the neural tube and the not chord as well as omitic mus-
culature have already differ ntiated wher as ventrally the
endoderm remains mesenchymal in char cter projecting
against a groove in the yolk. The somatopleure which
gives rise to the peritoneal epithelium and the pectoral fin
buds is growing laterally around the yolk between the yolk
syncytial layer and the pidermis. The pectoral fin buds are
localized lateral to the second and third myot me. Their
anteroposterior axis is almost par lle to the anteroposterior
body axis, their proximodistal axis is par lle to the dorso-
ventral body axis, and their dorsoventral axis is par lle to
the mediolateral body axis with the dorsal side of the fin
buds facing the myot mes. In the following description the
orienta ion of the pectoral fin axes is given with respect o
thes in tial conditions.
At the nd of the first day (stage: prim3; ~23 hpf; stages
Fig. 2. (A–C) Alizarin-red/Alcian-blue stained pelvic girdle and fin skele-
tons of a 17 m subadult specimen. (A) Ventral view of left and right
pelvic girdles and fins, gen ral aspect. (B) Detail of (A) showing the fin
base with girdle and radials. (C) Detail of (A) showing lepidotrich inser-
tion at the fin base. fb, region of the fin base; lep, lepidotrich; ff, fin fold;
lig, ligament joini g the l ft and right girdles; mr, marginal ray; pg, pelvic
girdle; pp, osterior process; r, adial. Anterior is to the l ft. Scale bars, (A)
0.5 m ; (B,C) 0.2 m .




Abbildung 10 Vergleich der Reportergenexpression und Färbung in Bauchflossen. 
Ventrale Darstellung präparierter Bauchflossen der col2:mCherry (A-D) und fli1:egfp (E-K) Reporterlinien. 
Ausgewählte Stadien. Kranial links. Pfeil in G deutet auf mögliche fli1:egfp- markierte 
Chondrozytenvorläuferzellen. Markierte Blutgefäße in Flossenstrahlen (G und H). Fluoreszenzaufnahmen in A-H, 
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Fin	 formation	begins	with	a	 thin	 layer	of	mesenchymal	cells	assembling	 in	 the	prospective	




transformation	of	 the	 apical	 endodermal	 thickening	 to	 the	 fin	 fold	 (Stage	 3-4)	 (Grandel	&	
Schulte-Merker,	1998).	Soon	after,	the	first	endoskeletal	structures	arise	(Fig.	3D,	Stage	5),	
which	 then	 grow	 on	 both	 sides	 in	 anteroposterior	 direction,	 forming	 the	 anterior	 and	
posterior	process	as	well	as	the	first	indications	of	the	fin	base	(Fig.	3E,	Stage	7).	After	the	fin	
base	 is	established,	 two	or	three	radials	 form	via	condensation	of	chondrocytes	 (Fig.	3F-G,	
Stage	 9-14)	 (Grandel	 &	 Schulte-Merker,	 1998).	 Meanwhile,	 in	 the	 fin	 fold,	 sequential	
formation	of	lepidotrichs	takes	place	in	mediolateral	direction	(Fig.	3I-K,	Stage	8-14).	On	the	
cellular	 level,	 this	 happens	 through	 a	 stepwise	 reorientation	 of	 extracellular	 matrix	







plate	 mesoderm	 (LPM).	 However,	 molecular	 settings	 are	 established	 much	 earlier	 in	
development.	 Generally,	 the	 underlying	 processes	 can	 be	 divided	 into	 four	 basic	 phases:	














the	 expression	 of	 Hox	 genes	 in	 a	 specific,	 staggered	 pattern	 (Fig.	4).	 Hox	 genes	 encode	
homeobox	transcription	 factors	and	are	organized	 in	 four	clusters,	A-D.	These	reflect	 their	
sequential	 timing	 of	 expression	 and	 their	 defined	 expression	 patterns	 along	 the	
anteroposterior	axis	(Burke	et	al.,	1995).	
Functional	 studies	 in	chick	embryos	 revealed	 that	 the	 forelimb	position	 is	defined	 through	
Hoxb4	 expression	 during	 gastrulation	 (Moreau	 et	 al.,	 2019).	 In	 zebrafish	 embryos,	 the	
anterior	border	of	the	Hoxb4	expression	domain	also	coincides	with	the	site	of	pectoral	fin	
formation	 (Thisse	 et	 al.,	 2004).	 Additionally,	 in	 mouse,	 chick	 and	 zebrafish	 embryos,	 the	






early	 development	 of	 chick	 embryos.	 Later,	 Hoxd9	 withdraws	 from	 the	 interlimb	 region,	
while	expression	in	fore-	and	hindlimb	forming	regions	persists	(Cohn	et	al.,	1997).	In	three-
spine	 sticklebacks	 (Gasterosteus	 aculeatus),	 Hoxd9	 expression	 appears	 during	
metamorphosis	 (21-25	dpf)	 laterally	and	central	of	the	fish's	body,	marking	the	position	of	
pelvic	apparatus	 formation	(Tanaka	et	al.,	2005).	Correspondingly,	 the	 lack	of	pelvic	 fins	 in	
puffer	 fish	 (Takifugu	 rupripes)	 was	 attributed	 to	 the	 missing	 of	 Hoxd9	 expression	 in	 the	
prospective	 pelvic	 fin	 region	 (Tanaka	 et	 al.,	 2005).	 Apart	 from	 this,	 a	 role	 for	Hoxc10a	 in	
pelvic	fin	positioning	was	postulated.	This	was	based	on	the	fact	that	the	cell	population	of	
the	 LPM	 that	 eventually	will	 form	 the	pelvic	 fin	 bud	directly	 locates	next	 to	 the	 region	of	
Hoxc10a	expression	during	somitogenesis,	before	the	protrusion	of	the	trunk-tail	(Murata	et	
al.,	 2010).	 The	Hox	 gene	 expression	 in	 the	 pelvic	 fin	 region	 itself	 is,	 in	 turn,	 regulated	 by	
Gdf11,	 a	 member	 of	 the	 transforming	 growth	 factor	 β	 (Tgfβ)	 superfamily.	 This	 was	
demonstrated	 with	 knockout	 and	 knockdown	 experiments	 in	 mice	 and	 zebrafish,	
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Fig.	 4	 Key	 factors	 of	 limb	 development.	 Schematic	 representation	of	 the	basic	 interactions	 regulating	
limb	 development,	which	 is	 divided	 into	 four	 phases:	 positioning,	 induction,	 initiation	 and	 outgrowth.	
The	 correct	 positions	 of	 fore-	 and	 hindlimbs	 are	 set	 by	 several	 defined	Hox	 genes,	 expressed	 in	 the	
lateral	plate	mesoderm	(LPM).	Afterwards,	limb	bud	formation	is	induced	by	the	homeobox	transcription	
factors	Tbx5,	Tbx4	and	Pitx1.	Tbx5	is	thought	to	be	activated	via	a	coherent	feed-forward	mechanism	by	
Hox4/5,	 Wnt/β-catenin	 and	 RA,	 originating	 from	 the	 somites.	 Moreover,	 it	 was	 demonstrated	 that	 a	
negative	 interaction	 between	 RA	 and	 Fgf8	 keeps	 the	 limb	 field	 free	 of	 Fgf8	 expression,	 in	 this	 way	
providing	a	permissive	environment	for	Tbx5	activation.	In	hindlimb	development,	Pitx1	directly	induces	
Tbx4	expression	via	conserved	binding	sites	in	its	regulatory	elements.	The	action	of	Tbx4/5	then	initiates	
Fgf10	 expression,	 which	 in	 turn	 activates,	 via	 Wnt/β-catenin	 signalling,	 Fgf8	 in	 the	 ectoderm,	 now	
preconditioned	 to	 form	 the	 apical	 ectodermal	 ridge	 (AER).	 In	mice,	 also	 the	 factors	 Islet1	 and	Wnt/β-
catenin	were	demonstrated	to	be	crucial	for	Fgf10	initiation.	A	positive	feedback	loop	between	Fgf8	and	
Fgf10	maintains	 their	 expression	 levels,	which	 is	 essential	 for	 limb	 outgrowth.	 An	 additional	 player	 in	
limb	 formation	 and	 patterning	 is	 Shh,	 signalling	 from	 the	 zone	 of	 polarizing	 activity	 (ZPA)	 in	 the	most	

















































transcription	 factor	 Pitx1	 (paired-like	 homeodomain	 1)	 (Fig.	4).	 Because	 of	 their	 distinct	
expression,	 Tbx4	 and	 Tbx5	 were	 thought	 to	 be	 responsible	 for	 specifying	 limb-type	
(Don	et	al.,	 2013;	 Gibson-brown	 et	 al.,	 2014;	 Ruvinsky	 et	 al.,	 2000;	 Tamura	 et	 al,	 1999).	
However,	genetic	studies	in	mice	suggest	a	role	for	Tbx4	and	Tbx5	only	in	limb	initiation	but	
not	 in	 limb	 specification	 (Minguillon	 et	 al,	 2005;	 Naiche	 &	 Papaioannou,	 2007).	 It	 was	
demonstrated	 that	 Tbx4	 expression	 in	 Tbx5-depleted	 forelimbs	 compensates	 its	 function,	
resulting	in	the	formation	of	a	normal	limb	with	forelimb-character	(Minguillon	et	al.,	2005).	
An	unambiguously	 limb-specifying	function	was	observed	Pitx1.	Upon	misexpression	 in	the	








and	 Tcf/Lef	 (Wnt/β-catenin)	 binding	 sites	 as	 well	 as	 RA	 response	 elements	 (RAREs)	 were	
detected	 in	 a	 regulatory	 element	 located	 in	 its	 intron	 2,	 which	 is	 conserved	 in	 amniotes	
(Minguillon	et	al.,	2012;	Nishimoto	et	al.,	2014;	Nishimoto	et	al.,	2015)	(Fig.	5).	Moreover,	a	
second	enhancer	 region,	 referred	 to	as	CNS12sh,	was	discovered	downstream	of	 the	Tbx5	
coding	 sequence	 showing	 a	 high	 conservation	 throughout	 gnathostomes	 (Fig.	5).	
Accordingly,	 CNS12sh	 from	 mouse	 and	 gar	 were	 successfully	 used	 to	 drive	 transgene	
expression	in	pectoral	fins	of	zebrafish	larvae.	Though,	no	specific	binding	sites	in	CNS12sh	








for	 Wnt	 participation	 might	 be	 Wnt2b	 as	 it	 is	 strongly	 expressed	 in	 the	 intermediate	
mesoderm	and	 LPM	 (Kawakami	et	 al.,	 2001).	Mutation	of	 either	 all	Hox	binding	 sites,	 the	
RAREs	or	the	Tcf/Lef	site	destroys	enhancer	activity	and	prevents	Tbx5	activation	or	strongly	
reduces	 it,	 giving	 evidence	 for	 the	 necessity	 of	 each	 element	 (Minguillon	 et	 al.,	 2012;	
Nishimoto	et	al.,	2015).	Interestingly,	a	recent	genomic	knockout	study	demonstrated	that,	
upon	deletion	of	either	one	or	both	enhancers,	neither	the	regulatory	elements	in	intron	2	
nor	 CNS12sh	 are	 essential	 for	 Tbx5	 expression	 initiation	 or	 forelimb	 bud	 formation.	 This	




binding	 site	 located	 in	 the	 promoter	 region	 of	 Fgf10	 (Agarwal,	 2003).	 Loss-of	 function	 of	
either	Tbx5	or	Fgf10	results	in	the	absence	of	forelimbs	or	pectoral	fins,	proving	the	central	
role	 of	 both	 factors	 for	 forelimb	 or	 pectoral	 fin	 induction	 (Ng	 et	 al.,	 2002;	 Sekine	 et	 al.,	
1999).	Tbx5	was	also	shown	to	activate	Wnt2b.	Reverse	signalling	from	this	gene	is	involved	
in	maintaining	Tbx5	 and	Fgf10	 expression	 levels	 to	promote	 further	 limb/fin	development	
and	initiate	outgrowth	(Kawakami	et	al.,	2001;	Ng	et	al.,	2002;	Takeuchi	et	al.,	2003)	(Fig.	4).	
In	a	second	model,	an	antagonism	between	RA	and	fibroblast	growth	factor	8	(Fgf8)	along	
the	 anteroposterior	 axis	 that	 mediates	 the	 correct	 positioning	 of	 the	 limb	 field	 and	
establishes	 a	 permissive	 environment	 for	 the	 induction	 of	 limb	 budding	 is	 postulated.	
Hereby,	 RA	 restricts	 the	 Fgf8	 expression	 domains	 in	 two	 directions,	 anterior	 to	 the	 heart	
forming	 field	and	posterior	 to	 the	primitive	 streak	and	epiblast,	 thus	keeping	 the	 forelimb	
field	free	of	Fgf8	to	allow	Tbx5	induction	(Cunningham	et	al.,	2013;	Zhao	et	al.,	2009)	(Fig.	4).	
This	 idea	 is	 supported	 by	 the	 fact	 that	 a	 conserved	 RARE	 was	 detected	 near	 the	 Fgf8	
promoter	 indicating	 a	 direct	 regulation	 of	 Fgf8	 expression	 by	 RA	 (Zhao	 et	 al.,	 2009).	
Moreover,	 the	 pectoral	 finless	 phenotype	 of	 zebrafish	 nls	 mutants	 could	 be	 rescued	 by	
additional	 suppression	of	Fgf	 signalling.	For	 this,	nls	 fish	were	crossed	with	a	strain,	which	
expresses	 a	 dominant	 negative	 form	 of	 the	 Fgf	 receptor	 1	 upon	 heat-shock	 treatment	
(Hsp70:dn-Fgfr1-eGFP)	 (Cunningham	 et	 al.,	 2013).	 Similar	 antagonistic	 RA-Fgf-interactions	
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were	 observed	 for	 example	 in	 the	 patterning	 of	 the	 retina	 of	 chick	 embryos	 or	 in	 the	
regulation	 of	 body	 axis	 extension	 (da	 Silva	 &	 Cepko,	 2017;	 Diez	 del	 Corral	 et	 al.,	 2003).	
Interestingly,	 in	 these	 cases,	 RA	 binding	 to	 the	 Rar/Rxr	 heterodimer	 results	 in	 the	




Fig.	 5	 Regulatory	 elements	 controlling	 expression	 of	 limb	 specific	 transcription	 factors.	 Schematic	
representation	of	gene	architectures	of	Tbx5	(A),	Pitx1	(B)	and	Tbx4	(C)	with	A'	and	C'	showing	detailed	
maps	 to	point	out	 specific	binding	 sites	 for	 regulators.	A:	 There	are	 two	known	 regulatory	 regions	 for	
Tbx5	activity,	intron	II	and	CNS12sh	enhancer,	whereby	the	intron	II	region	contains	RAREs,	Tcf/Lef	and	
Hox	binding	 sites	 (A').	B:	 For	Pitx1,	 three	 limb	enhancers	 have	been	 identified	 so	 far:	 Pel2.5kb	 (PelA),	






































size	 or	 as	 PelA	 (Chan	 et	 al.,	 2010;	 Thompson	 et	 al.,	 2018)	 (Fig.	5).	 Interestingly,	 various	
stickleback	populations	exist	that	exhibit	a	partial	or	complete	loss	of	their	pelvic	structures	-	
an	 adaptive	 feature	 established	 during	 evolution	 that	 could	 be	 attributed	 to	 different	
deletions	of	the	Pel2.5kb	enhancer,	which	all	overlap	in	its	501bp	core	regulatory	fragment	
(Chan	et	al.,	2010).	Recently,	further	investigations	revealed	molecular	features	of	the	Pitx1	
locus	 that	 lead	 to	 an	 increased	 fragility	 of	 the	DNA	 and	 therefore	 raise	 the	 probability	 of	
DNA	damage	and	mutations,	explaining	the	repeated	occurrence	of	this	natural	stickleback	
phenotype	 (Xie	 et	 al.,	 2019).	 Furthermore,	 another	 BAC	 screen	 in	mouse	 directed	 to	 the	
enhancer	PelB,	located	downstream	of	Pitx1	and	bearing	one	subregion	that	is	conserved	in	
vertebrates	 (Thompson	 et	 al.,	 2018)	 (Fig.	5).	 A	 CRISPR/Cas9	 mediated	 deletion	 of	 PelB	
slightly	decreased	Pitx1	expression	in	hindlimb	buds	and	caused	a	reduction	of	foot	bones,	
suggesting	that	this	enhancer	acts	cooperatively	with	other	regulatory	elements	rather	than	
independently	 (Thompson	 et	 al.,	 2018).	 Thirdly,	 an	 interesting	 regulatory	 mechanism	
controlling	 hindlimb	 specific	 Pitx1	 expression	 was	 recently	 identified	 in	 mice	 (Kragesteen	
et	al.,	2018)	(Fig.	5).	The	pan-limb	enhancer	Pen	drives	strong	expression	in	both,	fore-	and	
hindlimbs	 upon	 combination	 with	 a	 lacZ	 reporter	 gene	 in	 transgenic	 mice.	 However,	
differences	in	the	chromatin	structure	in	the	respective	limb	types	make	the	Pitx1	promoter	
accessible	 for	 interaction	 with	 Pen	 only	 in	 hindlimbs,	 while	 in	 forelimbs	 promoter	 and	
enhancer	 are	 spatially	 separated	 from	 each	 other,	 unable	 to	 interact	 (Kragesteen	 et	 al.,	
2018).	 In	 this	mechanism,	 the	 promoter	 region	 of	 the	 adjacent	 housekeeping	 gene	H2afy	
plays	 a	 decisive	 role	 (Kragesteen	 et	 al.,	 2018,	 2019).	 Deletion	 of	 Pen	 reduced	 Pitx1	
expression	 by	 35	-	50	%	 and	 partially	 resulted	 in	 hindlimb	 malformations	 in	 adult	 mice	
(Kragesteen	et	al.,	2018).	





region	 of	Tbx4	 in	mice	 and	 are	 both	 required	 for	 a	 stable	Tbx4	 expression	 (Menke	 et	 al.,	
2008).	While	HLEB	 shows	a	 strong	conservation	 from	 fish	 to	mammals,	HLEA	 is	 conserved	
only	 in	mammals	 and	 contains	 three	 putative	 Pitx1	 binding	 sites	 (Fig.	5).	Mutation	 of	 one	
single,	 perfectly	 conserved	 site	 results	 in	 significant	 reduction	 of	 enhancer	 activity	 in	
hindlimbs.	A	 targeted	knockout	of	HLEA	diminishes	Tbx4	 expression	and	causes	 significant	
shortening	of	hindlimb	bones.	In	a	subsequent	study,	Pitx1	has	also	been	shown	to	bind	to	
HLEB,	however	to	a	lesser	extend	in	comparison	to	HLEA	(Infante	et	al.,	2013).	
Subsequently,	 Tbx4	 activates	 Fgf10	 to	 promote	 further	 pelvic	 fin	 development	 (Fig.	4).	
Conditional	knockout	studies	in	mice,	inactivating	the	whole	Tbx4	gene	before	the	onset	of	




central	 role	 of	Tbx4	 in	Fgf10	 activation,	 yet	 demonstrates	 that	 additional	 factors	must	 be	
involved.	 Two	 prominent	 candidates	 in	 this	 context	 are	 the	 LIM-homeobox	 transcription	
factor	 Islet1	 and	 the	 signalling	 factor	 β-catenin.	 Knockout	 of	 either	 gene	 results	 in	 the	
absence	of	 hindlimb	budding	 and	 loss	 of	Fgf10	 initiation	 in	mouse	 embryos.	 This	 strongly	
suggests	 that	 both	 genes	 are	 crucial	 for	 hindlimb	 induction	 and	 demonstrates	 that	 their	
activity	precedes	that	of	Fgf10	(Kawakami	et	al.,	2011;	Narkis	et	al.,	2012;	Yang	et	al.,	2006).	
A	 mutation	 in	 the	 Tbx4	 nuclear	 localisation	 signal	 (NLS)	 in	 a	 natural	 occurring	 zebrafish	
mutant	 named	 pelvic	 finless	 (pfl),	 completely	 supresses	 Fgf10	 expression,	 which	 likewise	
results	 in	 failure	 of	 pelvic	 fin	 formation.	 This	 neither	 indicates	 any	 involvement	 of	 further	
activators,	 nor	 excludes	 it	 (Don	 et	 al.,	 2016).	 In	 zebrafish,	 Islet2a	 has	 been	 shown	 to	 be	
expressed	 in	 the	 presumptive	 pelvic	 fin	 field	 at	 specific	 time	 points	 during	 zebrafish	
development,	 including	the	embryonic,	 larval	and	metamorphic	state.	 It	was	postulated	to	
be	involved	in	a	mechanism	that	controls	the	fate	of	the	cells	of	the	presumptive	pelvic	fin	





















Ohuchi	 et	 al.,	 1997;	 Xu	 et	 al.,	 1998)	 (Fig.	4).	 Fgf4,	 likewise	 expressed	 in	 the	 AER,	 also	
contributes	 to	 limb	 outgrowth,	 among	 other	 things	 by	 partially	 compensating	 for	 the	
function	of	Fgf8	in	case	of	its	loss	(Boulet	et	al.,	2004).		
In	zebrafish,	 there	 is	evidence	that	paired	 fins	develop	slightly	different	 (Don	et	al.,	2013).	
Although	Fgf8	similarly	seems	to	have	an	important	function,	it	could	be	dispensable	for	the	
outgrowth	 of	 pectoral	 fins,	 which	 is	 clear	 from	 the	 Fgf8	 mutant	 acerebellar	 (ace),	 whose	
pectoral	fins	are	almost	unaffected	(Reifers	et	al.,	1998).	Additionally,	unlike	in	mice,	the	first	
appearance	 of	 Fgf8	 coincides	 with	 the	 formation	 of	 the	 AER	 (Reifers	 et	 al.,	 1998).	
Furthermore,	other	Fgf	genes	were	reported	to	be	involved	in	pectoral	fin	formation,	which	
are	 Fgf24	 and	 Fgf16	 (Fischer	 et	 al.,	 2003;	 Nomura	 et	 al.,	 2006).	 Fgf24	 was	 shown	 to	 act	
downstream	of	Tbx5	 and	Wnt2b,	 but	upstream	of	Fgf10	 (Fischer	et	 al.,	 2003).	 Ikarus	 (ika)	
mutants,	defective	for	Fgf24,	are	viable	in	a	homozygous	state,	but	completely	lack	pectoral	
fins,	 even	 as	 adults.	 Interestingly,	 the	 pelvic	 fins	 are	 present	 and	 of	 normal	morphology,	
indicating	 that	 different	 signalling	 factors	 and	 regulations	 are	 responsible	 for	 the	
development	of	each	type	of	paired	fin	(Fischer	et	al.,	2003;	van	Eeden	et	al.,	1996).	
















RARE	 activity	 is	 observed	 in	 forelimb	 buds,	 generated	 by	 proximal	 Aldh1a2	 and	 distal	
Cyp26b1	activity,	which	is	believed	to	participate	in	outgrowth	and	proximodistal	patterning	
(Mic	 et	 al.,	 2004;	 Yashiro	 et	 al.,	 2004).	 Depletion	 of	 endogenous	 RA	 signalling	 leads	 to	 a	
significant	reduction	of	the	AER	to	a	minimal,	centrally	oriented	spot	and	to	an	anterior	shift	
of	Shh	 expression,	eventually	 resulting	 in	a	 slowed	outgrowth	and	a	 smaller	 limb	bud	 size	
(Mic	et	al.,	2004).	The	major	players	for	hindlimb	initiation,	Pitx1	and	Tbx4,	are	still	present	
in	 the	 limb	 mesenchyme	 after	 budding	 (Gibson-Brown	 et	 al.,	 1996;	 Szeto	 et	 al.,	 1999).	
However,	 in	 spite	 of	 its	 prominent	 function	 during	 initiation,	Tbx4	 seems	 to	 play	 a	minor	
function	 in	 limb	outgrowth,	 as	 its	 knockout	 after	bud	 formation	does	neither	 affect	Fgf10	
expression	 nor	 limb	 outgrowth	 in	 mouse	 embryos.	 However,	 defects	 of	 the	 skeletal	
structures	 are	 observed	 (Naiche	 &	 Papaioannou,	 2007).	 Pitx1	 acts,	 during	 later	 stages	 of	
mouse	hindlimb	formation,	independently	of	Tbx4.	In	this	process,	it	regulates	the	accurate	
formation	 of	 skeletal	 structures,	muscles	 and	 tendons,	 based	 on	 a	 direct	 interaction	with	
genes	of	the	respective	underlying	signalling	networks	(Duboc	&	Logan,	2011;	Nemec	et	al.,	
2017;	Wang	et	al.,	2018).	Knockout	of	Pitx1	in	mice	results	in	neonatal	lethality	accompanied	
with	 severe	malformations	 or	 reductions	 of	 the	 hindlimb	 bones,	 including	 the	 long	 bones	











Several	 studies	 point	 out	 a	 role	 of	 RA	 in	 limb/fin	 development.	 For	 example,	 the	 two	
zebrafish	 mutants	 neckless	 (nls)	 and	 no-fin	 (nof),	 both	 defective	 for	 the	 RA	 synthesizing	
enzyme	 Aldh1a2,	 do	 not	 develop	 pectoral	 fins	 and	 correspondingly	 lack	 Tbx5	 and	 Fgf10	
expression	(Begemann	et	al.,	2001;	Grandel	et	al.,	2002).	Further	studies	 in	zebrafish	were	
based	on	the	inhibition	of	RA	synthesis	using	the	Aldh	inhibitor	4-diethylaminobenzaldehyde	
(DEAB)	 in	 varying	 concentrations	 and	 during	 diverse	 time	 frames	 throughout	 gastrulation	
and	somitogenesis	with	the	intention	to	determine	the	exact	timing	of	RA	signalling	(Gibert	
et	 al.,	 2006;	Grandel	&	Brand,	 2011;	Grandel	 et	 al.,	 2002).	 Summarized,	 a	dual	 role	of	RA	
during	early	zebrafish	development	is	postulated.	It	 is	suggested	that	RA	is	first	 involved	in	
the	determination	of	fin	precursor	cells	during	gastrulation	and	later,	during	somitogenesis,	
RA	 signalling	 is	 necessary	 for	 the	 maintenance	 of	 the	 precursor	 cells	 (Grandel	 &	 Brand,	
2011).	 Thus,	 DEAB	 treatment	 during	 somitogenesis	 enables	 the	 establishment	 of	 Tbx5	
expression	 but	 restrains	 fin	 bud	 formation	 (Grandel	 &	 Brand,	 2011).	 Accordingly,	 the	
pectoral	finless	phenotype	of	nls	or	nof	mutants	can	only	be	effectively	rescued	by	the	end	
of	gastrulation	by	application	of	exogenous	RA	(Begemann	et	al.,	2001;	Grandel	et	al.,	2002).	
Unfortunately,	 as	nls	 and	nof	 are	embryonic	 lethal,	 these	mutants	 cannot	be	used	 for	 the	
investigation	of	the	role	of	RA	in	pelvic	fin	development.		
The	role	of	RA	was	also	verified	in	early	chick	embryos	by	studies	that	were	based	on	barrier	
insertions	 to	 prevent	 diffusion	 of	 signalling	molecules	 between	 tissues.	 They	were	 placed	
either	between	 the	presomitic	mesoderm	and	 LPM	during	 early	 development	or	 between	
the	 somites	 and	 LPM	 in	 slightly	 older	 embryos.	 Early	 interference	 blocked	 Tbx5	 or	 Tbx4	
activation	and	limb	bud	formation,	whereas	later	manipulations	resulted	in	the	loss	of	Fgf10,	
Fgf8	 and	Shh	domains	while	Tbx5	or	Tbx4	were	detectable.	 It	was	possible	 to	 rescue	 limb	
bud	formation	and	restore	Fgf10,	Fgf8	and	Shh	expression	by	insertion	of	a	RA-soaked	bead	
in	 the	 LPM.	Together,	 this	 indicates	 that	RA	 signals	 from	 the	 somites	 and	 is	necessary	 for	
both,	induction	of	Tbx4	or	Tbx5	as	well	as	participation	in	Fgf10	activation	(Nishimoto	et	al.,	
2015).	 The	 observations	 upon	 late	 barrier	 insertions	 are	 in	 conformity	 with	 the	 results	








While	 these	 studies	 in	 chicken	 suggest	 a	 similar	 role	 for	 RA	 in	 fore-	 and	 hindlimb	
development,	 studies	 in	 mice	 indicate	 a	 different	 mode	 of	 action	 in	 each	 limb	 type	
(Cunningham	et	al.,	2013;	Mic	et	al.,	2002,	2004;	Sandell	et	al.,	2007;	Zhao	et	al.,	2009).	 In	
these	studies,	mouse	embryos	deficient	for	the	RA	synthesizing	enzyme	Raldh2	were	used.	
Low	 doses	 of	 RA	 were	 maternally	 applied	 for	 a	 short,	 defined	 timespan	 to	 rescue	 the	
embryonic	 lethality	of	 this	mutation.	Rescued	Raldh2-/-	mouse	embryos	developed	 smaller	
forelimbs,	but	normal	hindlimbs	(Mic	et	al.,	2002,	2004).	A	similar	phenotype	was	observed	
in	Rdh10-/-	mutant	mice	 (Sandell	 et	 al.,	 2007).	 The	difference	was	 attributed	 to	 remaining	
RARE	 activity	 in	 the	 mesonephros,	 which	 is	 located	 in	 close	 proximity	 to	 the	 developing	
hindlimb	 bud,	 likely	 due	 to	 RA	 production	 by	 Raldh3	 (Mic	 et	 al.,	 2004).	 Consequently,		
Raldh2-/-;Raldh3-/-	double	mutants	were	generated,	exhibiting	no	further	RARE	activity	in	the	
mesonephros.	However,	 rescue	with	maternal	RA	supply,	 likewise	resulted	 in	 formation	of	
normal	 sized	 hindlimb	 buds,	 while	 the	 size	 of	 forelimb	 buds	 was	 decreased	 (Zhao	 et	 al.,	
2009).	 It	 was	 concluded,	 that	 RA	 is	 only	 necessary	 in	 forelimb,	 but	 not	 in	 hindlimb	
development.	 This	 matches	 the	 model	 of	 RA	 acting	 permissive	 in	 forelimb	 induction	 by	
antagonizing	 Fgf8	 expression	 in	 axial	 structures.	 As	 hindlimb	 induction	 occurs	 later	 in	





bud	 formation,	 but	 too	 little	 to	 be	 detected	 by	 the	 used	 RARE-lacZ	 reporter	 constructs	
(Nishimoto	&	Logan,	2016;	Rosello-Diez	et	al.,	2014).		
Taken	 together,	 it	 is	 well	 established	 that	 RA	 plays	 a	 key	 role	 in	 forelimb	 or	 pectoral	 fin	
development,	 although	 the	 exact	 mechanism	 -	 inductive	 or	 permissive	 function	 -	 is	 still	














development	 (Nasevicius	 &	 Ekker,	 2000).	 But	 there	 are	 also	 molecular	 mechanisms	 that	
enable	 the	 generation	 of	 stable	 transgenic	 lines.	 To	 be	mentioned	 is	 the	 Tol2	 transposon	
system,	 which	 enables	 the	 random	 integration	 of	 diverse	 genetic	 constructs	 into	 the	
zebrafish	genome	 (Kawakami	et	 al.,	 2000).	 In	 addition	 to	 the	generation	of	 reporter	 lines,	
this	 allows	 the	establishment	of	 genetic	 tools	 like	 the	Cre-loxP	or	 the	Gal4-UAS	 system	 to	
specifically	and	locally	manipulate	gene	expression	in	zebrafish.	An	editing	at	exactly	defined	
sites	 in	 the	 genome,	 either	 by	 inducing	 indel	 mutations	 or	 by	 insertion	 of	 transgenes,	 is	
made	possible	by	nucleases	like	zinc-finger	nucleases	(ZFNs)	(Doyon	et	al.,	2008;	Meng	et	al.,	






The	 Tol2-Transposon	 system	 is	 based	 on	 the	 autonomous	 Tol2	 transposable	 element	
originating	in	the	genome	of	the	medaka	fish	(Oryzias	latipes).	It	has	been	discovered	more	
than	twenty	years	ago	by	the	working	group	around	Koichi	Kawakami,	and	since	then	was	
extensively	 studied,	 optimized	 and	 established	 in	 various	 model	 organisms,	 including	
zebrafish	(Kawakami,	2007;	Kawakami	et	al.,	1998,	2000a,	2000b,	2004;	Kawakami	&	Shima,	
1999;	 Nagayoshi	 et	 al.,	 2008;	 Urasaki	 et	al.,	 2006).	 Upon	 microinjection	 into	 fertilized	
zebrafish	 eggs,	 in	 vitro	 transcribed	 Tol2	 mRNA	 is	 translated	 into	 active	 Tol2	 transposase,	
which	 is	able	 to	mediate	 the	 transposition	of	basically	any	gene	of	 interest	 into	a	 random	
area	 of	 the	 host	 genome.	 The	 prerequisites	 for	 effective	 integration	 are	minimal	 Tol2	 cis	





could	 be	 additionally	 enhanced	 (Suster	 et	 al.,	 2009;	 2011).	 A	 size	 limit	 for	 Tol2	mediated	
genomic	 integration	 is	 currently	 not	 known	 and	 successful	 transgenesis	 has	 already	 been	
carried	out	even	with	large	sized	bacterial	artificial	chromosomes	(BACs)	up	to	230	kb	(Suster	
et	al.,	2011).	Transient	 transgenesis	 is	observed	 in	about	20	%	of	 the	 injected	embryos	via	























































1993;	 Giniger	 et	 al.,	 1985;	 Kakidani	 &	 Ptashne,	 1988;	 Scheer	 &	 Campos-Ortega,	 1999;	
Webster	et	al.,	1988).	Its	mechanism	is	based	on	Gal4,	a	transcriptional	activator,	binding	to	
a	 specific	upstream	activating	 sequence	 (UAS)	and	 thereby	 inducing	 the	expression	of	any	
downstream	located	gene	of	interest.	To	use	this	feature	in	order	to	achieve	a	tissue-specific	
gene	 expression,	 the	 generation	of	 two	 stable	 transgenic	 lines	 is	 required.	 The	driver	 line	
expresses	Gal4	under	the	control	of	a	tissue	specific	enhancer	or	promoter	and	the	effector	
line	contains	any	gene	of	interest	under	the	control	of	UAS	(Fig.	7A)	(Asakawa	&	Kawakami,	
2008).	 The	 development	 of	 the	 Tol2	 transposon	 system	 was	 therefore	 an	 important	
milestone	 in	 the	 implementation	 of	 the	 Gal4-UAS	 system	 to	 facilitate	 the	 production	 of	
transgenes	(Asakawa	&	Kawakami,	2008;	Kawakami,	2007).	
The	minimal	region	of	Gal4	needed	for	DNA	binding	is	the	Gal4	DNA	binding	domain	(DBD)	
consisting	 of	 the	 N-terminal	 74	 amino	 acids	 (Keegan	 et	 al.,	 1986).	 Based	 on	 this,	 diverse	
constructs	were	generated	to	optimize	the	handling,	functionality	and	efficiency	of	the	Gal4-
UAS	system.	First,	 the	Gal4	DBD	was	 fused	 to	 the	strong	 transcriptional	activation	domain	
from	 the	 VP16	 protein	 isolated	 from	 the	 Herpes	 simplex	 virus,	 in	 order	 to	 enhance	 the	





To	 enable	 temporal	 regulation	 of	 transgene	 expression	 in	 addition	 to	 a	 local	 restriction,	
inducible	Gal4	variants	were	designed	 (Akerberg	et	al.,	2014;	Gerety	et	al.,	2013;	Wang	et	
al.,	2012).	 In	one	variant,	 the	Gal4-VP16	was	 fused	to	the	hormone-binding	domain	of	 the	
human	 estrogen	 receptor	 2	 (ERT2),	 which	 has	 an	 especially	 high	 affinity	 for	 the	 estrogen	
receptor	modulator	4-hydroxy-tamoxifen	(4-OHT)	(Akerberg	et	al.,	2014;	Gerety	et	al.,	2013).	
After	 the	 addition	 of	 4-OHT,	 ERT2-Gal4-VP16	 enters	 the	 cell	 nucleus,	 binds	 to	 UAS	 and	
activates	target	gene	expression,	whereas	in	absence	of	4-OHT,	no	UAS	binding	takes	place,	
which	ensures	rapid	reversibility	of	this	system	upon	drug	washout.	The	level	of	expression	
can	 furthermore	be	controlled	via	 the	dose	of	4-OHT	 (Akerberg	et	al.,	2014;	Gerety	et	al.,	
2013)	(Fig.	7B).	




blue-light	 activation.	 This	 in	 turn	 leads	 to	 a	 conformational	 change	 that	 results	 in	
dimerization	of	GAVPO	and	its	binding	to	UAS	(Fig.	7C).	This	process	is	reversible	as	soon	as	
illumination	is	switched	off	(Wang	et	al.,	2012;	Zoltowski	et	al.,	2007).	Using	GAVPO	in	driver	
lines	 circumvents	 the	 treatment	 with	 4-OHT,	 which	 always	 must	 be	 handled	 carefully,	
because	of	its	toxicity	and	its	instability	upon	light-exposure.	
Further	 modifications	 were	 introduced	 to	 adapt	 the	 Gal4-UAS	 system	 to	 certain	 model	
organisms.	To	be	named	is	the	variant	KalTA4,	which	is	a	Gal4	version	optimized	for	the	use	
in	zebrafish.	KalTA4	consists	of	a	Kozak	sequence	and	a	codon	usage	optimized	for	zebrafish,	
thus	significantly	enhancing	 transcriptional	efficiency	 in	 this	 species	 (Distel	et	al.,	2009).	 In	
addition,	 only	 the	 minimal,	 but	 potent	 TA4	 core	 region	 from	 the	 VP16	 transactivation	
domain	 was	 integrated	 in	 this	 construct.	 Due	 to	 the	 modification	 of	 the	 transcriptional	
activator,	KalTA4	is	still	able	to	activate	UAS	in	the	same	manner	as	Gal4,	but	is	less	toxic	to	
the	 organism.	 Toxicity	 of	 Gal4	 is	 a	 consequence	 of	 a	 squelching	 effect,	meaning	 that	 the	
activation	 regions	 of	 Gal4	 interact	 with	 the	 intrinsic	 transcriptional	 machinery	 of	 the	
organism,	 although	 UAS	 are	 absent,	 resulting	 in	 the	 inhibition	 of	 numerous	 genes	 (Gill	 &	




The	 effector	 lines	 posses	 multiple	 upstream	 activating	 sequences	 as	 a	 rising	 level	 of	

















4-hydroxy-tamoxifen	 (4-OHT)	 treatment,	 in	case	of	ERT2-Gal4-VP16-GI	and	KalTA4-ERT2-GI	 (B),	or	blue-
















































To	apply	this	system	for	the	study	of	the	role	of	RA	 in	pelvic	 fin	development	 in	zebrafish,	
the	 genes	Cyp26a1	 and	 zfdnRarα2a,	whose	 proteins	 are	 associated	with	 the	 RA	 signalling	
pathway,	are	selected	for	creating	the	effector	lines.	Via	overexpression	of	each	of	the	two	
genes,	a	disruption	of	the	RA	signalling	is	intended.	Cyp26a1	metabolizes	RA	to	more	polar	
and	 less	 biologically	 active	 compounds	 that	 are	 subject	 to	 further	 degradation,	 which	
ultimately	 leads	 to	 a	 pronounced	 RA	 deficiency	 in	 the	 organism	 (Niederreither	 &	 Dollé,	
2008).	The	gene	zfdnRarα2a	encodes	a	dominant	negative	version	of	the	zebrafish	Rarα2a,	
which	 is	 shortened	 at	 the	 C-terminus	 of	 the	 protein	 after	 amino	 acid	 403,	 whereby	 the	
activation	domain	consisting	of	Helix	12	 is	missing	 (Stafford	et	al.,	2006)	 (Fig.	2).	Thus	 this	
receptor	variant	is	still	able	to	heterodimerize	with	Rxr	and	to	bind	RAREs,	but	is	unable	to	
activate	associated	target	genes,	resulting	in	an	interruption	of	RA	signal	transmission.	The	










In	addition,	 the	regulatory	elements	of	 the	paired-related	homeobox	gene	1	 (Prx1	 /	Prrx1)	
were	utilized.	Prx1	is	expressed,	among	others,	in	the	mesenchymal	tissue	of	the	early	limb	
bud	 and	 is	 therefore	 serving	 as	 a	 marker	 of	 the	 lateral	 plate	 and	 limb	 bud	 mesoderm	
(Cserjesi	 et	 al.,	 1992;	 Kuratani	 et	 al.,	 1994;	 Leussink	 et	 al.,	 1995).	 It	 has	 a	 central	 role	 in	
coordinating	 the	 morphogenesis	 of	 the	 handplate	 and	 the	 zeugopod	 in	 both,	 fore-	 and	
hindlimbs.	This	was	concluded	from	the	phenotype	of	mice	carrying	mutations	 in	Prx1	and	
its	 homologue	Prx2,	which	were	 showing	 severe	disorders	 in	digit	 number	 and	placement	
(Lu	et	al.,	1999).	The	Prx1	 limb	enhancer	was	originally	 identified	 in	mice	(Martin	&	Olson,	
2000).	Obviously,	 it	 also	has	 influence	on	 limb	bone	 growth,	which	has	 been	 visualized	 in	
transgenic	mice,	 whose	 Prx1	 enhancer	 was	 exchanged	with	 the	 corresponding	 regulatory	












observed	 in	 bacteria	 and	 archaea.	 It	 is	 based	 on	 clustered	 regulatory	 interspaced	 short	
palindromic	 repeat	 (CRISPR)	 loci	 in	 the	 genome	 that	 act	 in	 combination	 with	 CRISPR-
associated	 (Cas)	 elements.	 After	 a	microorganism	 has	 first	 come	 into	 contact	with	 a	 viral	
pathogen,	 the	 absorbed	 foreign	 DNA	 (protospacer	 sequence)	 is	 cut	 and	 incorporated	 as	
spacer	 into	 the	 CRISPR	 locus.	 In	 the	 case	 of	 a	 subsequent	 infection,	 the	 corresponding	
CRISPR	 loci	 are	 transcribed	 and	 the	 raw	 RNA	 processed	 into	 CRISPR	 RNA	 (crRNA).	 This	
hybridizes	with	another	short	RNA	termed	the	transactivating	RNA	(tracrRNA)	and	both	form	
the	 endoribonuclease	 surveillance	 complexes	 upon	 recruitment	 of	 one	 or	 several	 Cas	
proteins,	like	Cas9	(Gonzales	&	Yeh,	2014;	Jinek	et	al.,	2012;	Sander	&	Joung,	2014).		
The	derived	CRISPR-Cas	technique	was	developed	to	enable	a	specific	and	precise	editing	of	
the	 genome	with	 the	possibility	 to	 knockout	 genes	or	 insert	 sequences	 at	 exactly	 defined	
loci.	Numerous	protocols	were	designed	to	establish	 this	 system	 in	diverse	model	systems	
(Cong	 et	 al.,	 2013;	 Kraft	 et	 al.,	 2015;	 Varshney	 et	 al.,	 2016).	 Generally,	 the	methods	 are	
based	on	the	induction	of	a	double-strand	break	(DSB)	in	the	genomic	DNA,	mediated	by	a	
chimeric	 single-guided	RNA	 (sgRNA),	which	combines	 the	 features	of	 crRNA	and	 tracrRNA,	
and	 the	 Cas9	 endonuclease.	 The	 sgRNA	 possesses	 a	 specific	 sequence	 and	 secondary	
structure	that	enable	it	to	recruit	the	Cas9	endonuclease	and,	following	complex	formation,	
to	 hybridize	 with	 its	 target	 sequences.	 Subsequently,	 Cas9	 induces	 the	 DSB	 three	 bases	
upstream	of	the	protospacer	adjacent	motif	(PAM)	(Gonzales	&	Yeh,	2014;	Sander	&	Joung,	
2014)	 (Fig.	8).	 Cellular	 mechanisms	 discover	 this	 defect	 and	 activate	 one	 of	 two	 possible	
repair	mechanisms:	homology	directed	repair	(HDR)	or	non-homologous	end	joining	(NHEJ).	







depending	 on	 the	 relevance	 of	 the	 residues,	 might	 deplete	 the	 protein	 function.	 On	 the	
other	 hand,	 indels	 can	 cause	 reading	 frame	 shifts	 resulting	 in	 a	 completely	 different	
translation	 or	 the	 translation	 of	 a	 truncated	 protein	 in	 case	 a	 premature	 stop	 codon	 is	
created	(Gonzales	&	Yeh,	2014;	Sander	&	Joung,	2014)	(Fig.	8).		










the	 endogenous	 target	 sequence.	 Cas9	 then	 introduces	 a	 double	 strand	 break	 (DSB)	 three	 bases	
upstream	 of	 the	 PAM.	 As	 a	 consequence,	 cellular	 mechanisms	 activate	 one	 of	 two	 possible	 repair	
mechanisms:	NHEJ	or	HDR.	The	error-prone	NHEJ	often	results	 in	 indel	mutations	that	can	cause	point	






















forward	 genetics	 are	 hard	 to	 use	 regarding	 the	 study	 of	 the	 role	 of	 RA	 during	 pelvic	 fin	
formation	 so	 that	 other	 methods	 must	 be	 applied	 that	 enable	 the	 manipulation	 of	 RA	
signalling	 during	 later	 stages	 of	 larval	 development.	 These	 could	 be,	 for	 example,	








First,	 the	 larvae	were	 sorted	 based	 on	 their	 standard	 length	 (SL),	which	 is	 defined	 as	 the	
distance	from	the	head	to	the	beginning	of	the	caudal	fin,	and	the	respective	groups	were	
treated	with	10	µM	DEAB	for	up	to	18	days	(Fig.	9).	Subsequent	Alcian	Blue	staining	to	label	




the	 other	 individuals	 showed	 diverse	 severe	 malformations	 of	 the	 pelvic	 girdle	 cartilage,	
partly	 in	 combination	with	asymmetric	outgrowth	of	 the	pelvic	 fins	 (Fig.	9D-H).	 Frequently	
observed	deformations	were	misshaped	and	bend	anterior	processes	(Fig.	9E),	formation	of	




2011).	 These	 results	 suggested	 that	 RA	 is	 needed	 in	 two	 ways	 and	 at	 two	 distinct	 time	


















(Marzi,	 2015).	 To	 obtain	 a	 reproducible	 experimental	 setup	 for	 future	 investigations,	 a	
staging	 system	 for	 pelvic	 fin	 development	was	 created.	 This	 classification	 is	 based	 on	 the	
transgenic	zebrafish	reporter	 line	Tg(fli:EGFP)y1,	which	 labels,	among	others,	chondrocytes,	
chondrocyte	 precursor	 cells	 and	 mesenchymal	 condensations.	 It	 includes	 different	
characteristics	of	the	larval	development	and	thus	allows	the	determination	of	reproducible	
starting	 points	 for	 the	 pharmacological	 treatments	 (Fig.	10	 and	 Fig.	S1)	 (Marzi,	 2015).	 The	
definition	starts	with	Stage	1,	characterized	by	the	first	appearance	of	ventral	fli:eGFP	signal	
in	 the	prospective	pelvic	 fin	 region.	 Stage	2	 is	defined	by	 lateral	 eGFP	 fluorescence	 in	 the	
same	area	and	 the	 first	 visibility	of	 the	pelvic	 fin	bud.	For	 the	 later	 stages,	 the	 size	of	 the	




Fig. 8: Comparison of untreated (left) and treat d (right) zebrafish 
The upper photos show a lateral view of unstained fish. In the middle the fish have been stained with Alcian Blue. 
At the untreated fish, the pelvic girdle and the fin rays can be seen, on the treated fish these structures are 
missing. The photos at the lower end show a ventral view on the area of the pelvic girdle. 
4.3.2. Sized 5,9mm at the beginning 
The size of test specimen in this experiment was 13 fishes. At the end of the 
experiment, one out of all these fish had developed pelvic fins. These were however 
malformed and had grown unevenly, the fin on the one side being bigger than that on 
the other side. This specimen was fixed when the bigger fin had reached a quarter of  
the size of the fin fold and then used for dlx2a in situ to discern if a deformed apical 
ectodermal ridge might be the reason for the difference in the growth of the fins. All 
other fish had neither developed outward pelvic fin structures nor any skeletal 
elements of the pelvic girdle. 
The number of rays in anal and dorsal fins was also determined in these fish. The 
anal fin umber lay betwe n 13 and 14 and the dorsal fin number between eight and 
nine. The radials showed no abnormalities.  
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Fig. 9: Cartilaginous deformations on the pelvic girdle 
The first row shows minor deformations on the fin bases. The deformations in the middle row ware more severe. 
The right slide shows several pelvic girdles where both sides were affected.  
These results show that Retinoic acid is not only important for the induction of the 
pelvic fins but obviously also for the proper patterning of the pelvic girdle. It seems to 





Fig. 10: Further effects of DEAB treatment 
the picture in the upper left and right corner as well as the middle left photo show defects on the anterior pelvic 
process. The process is bent and in some areas reduced. The right middle picture shows the two pelvic structures 
of one fish. One fin base has formed normally the other one has only formed three short rays. The lowest picture 
shows another fin base with only four rays. 
Two of the treated fish had only developed one pelvic fin. However, they did not 
show the same phenotype concerning the pelvic girdle. The first fish had not 
developed any cartilaginous structures on the left side but the pelvic girdle on the 
other side developed normally. 
 In contrast, the other fish had also developed a rudimentary pelvic girdle on the side 
that had no outward signs of fins. The pelvic girdle in this case consists only of an 
underdeveloped fin base, one radial and no fin rays. The fin on the other side is also 
reduced and possesses only four fin rays.   
Since the treatment of both fish had started at the same size and long before the 
development of the first pelvic girdle elements, these differences in the phenotype 






Fig. 12: Defects on fish treated beginning at a size of 7.1mm 
  
In table 6 all deformations on the pelvic fins observed on 7.1mm big fish are listed 
together with their size at the end of the experiment when they were fixed. 
Tab. 6 Size and deformations of all fish whose treatment started at 7.1mm 
Length [mm] Uneven ray number Fin base broken Pelvic process 
11.0 - - + 
9.1 - - - 
9.3 - - - 
10.0 + - - 
10.0 - - - 
9.9 + - - 
10.6 - + - 
10.9 + - - 
9.0 - - - 
10.5 - + - 
9.9 - + - 
10.5 - - - 
10.0 - - + 
10.0 - - - 
10.0 - - - 
























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































for	 the	 classification.	 The	 size	 of	 the	 growing	 pelvic	 fin	 was	mainly	 compared	 to	 the	 progressive	
decrease	of	the	distal	margin	of	the	minor	lobe,	but	also	the	decrease	of	the	major	lobe	as	well	as	
the	 number	 of	 the	 parallel	 developing	 radials	 and	 rays	 of	 dorsal	 and	 anal	 fin	 were	 included.	 B:	
Lateral	 view	 (left	 and	 middle	 column)	 and	 ventral	 view	 (right	 column)	 of	 the	 pelvic	 region	 of	
zebrafish	larvae	during	pelvic	fin	development.	Indication	of	increasing	eGFP	fluorescence	intensity	
ventrally:	(+),	+,	++,	+++.	Arrows	point	to	pelvic	fin	bud,	arrowheads	mark	decline	of	larval	fin	lobe.	
SL:	 standard	 length.	Stage	 1:	 No	 pelvic	 fin	 bud,	weak	 ventral	 eGFP	 fluorescence.	Stage	 2:	 Lateral	








































The	 subsequently	 performed	 experiments	 were	 based	 on	 long-term	 pharmacological	
treatments	 of	 double	 transgenic	 zebrafish	 larvae	 expressing	 the	 fluorescence	 markers	
fli:eGFP	and	col2a1:mCherry	with	DEAB	(Breu,	2017).	The	 fli:eGFP	 fluorescence	marker	 is	a	
prerequisite	 for	 the	 usage	 of	 the	 pelvic	 staging	 system	 by	Marzi,	 2015	 (Fig.	10),	 while	 in		
Tg(col2a1BAC:mCherry)hu5900	 zebrafish	 chondrocytes	 are	 labelled,	 visualizing	 skeletal	
structures	 (Hammond	 &	 Moro,	 2012;	 Lawson	 &	 Weinstein,	 2002).	 Briefly,	 the	 fish	 were	
sorted	at	the	age	of	3	wpf	according	to	their	pelvic	fin	developmental	stage,	whereby	only	
the	 earliest	 stages	 were	 chosen	 (S1	-	S6).	 Fish	 that,	 at	 the	 time	 of	 staging,	 did	 not	 show	
ventral	eGFP	fluorescence	at	the	prospective	site	of	pelvic	fin	formation	were	referred	to	as	
S<1	and	also	added	to	the	experiment.	Afterwards	the	fish	of	each	group	were	transferred	to	







medium	 or	 severe	 loss	 or	 reduction	 of	 skeletal	 substructures,	 which	 often	 occur	 in	
combination	 with	 asymmetry	 as	 well	 as	 lateral	 and/or	 anterioposteror	 dislocations	
(Fig.	11F,E,D).	 SM4	 fish	 posses	 a	 very	 basic	 pelvic	 girdle,	 as	 it	 is	 normally	 observed	much	













Fig.	11	 Inhibition	 of	 RA	 synthesis	 during	 early	 stages	 of	 pelvic	 fin	 development	 results	 in	 severe	
malformations	of	the	pelvic	girdle	and	fin,	up	to	a	complete	reduction.	A:	Workflow	of	long-term	DEAB	
treatments	of	double-transgenic	zebrafish	larvae	starting	with	the	sorting	of	larvae	based	on	their	pelvic	
fin	 developmental	 stage	 (Marzi,	 2015)	 followed	 by	 the	 treatment	 with	 10	µM	 DEAB	 or	 an	 equivalent	
amount	of	DMSO	(control)	for	45	days	on	average.	Formed	skeletal	structures	of	the	pelvic	girdle	and	fins	
were	then	documented	using	fli:eGFP	and	col2a1:mCherry	marker	genes.	B-J:	Endo-	(B-G)	and	exoskeletal	




one-	 or	 two-sided	 minimal/primitive	 skeletal	 pelvic	 girdle	 element/s	 (represented	 by	 fli:eGFP	 and	
col2a1:mCherry	signal,	white	arrows)	with	the	appearance/shape	of	an	early	pelvic	girdle	developmental	
stage	 (S≤5)	 present	 at	 S≥14.	 D:	 SM3,	 basic	 pelvic	 girdle	 skeletal	 structures	 present	 at	 S≥14,	 strong	
expression	 of	 at	 least	 one	 of	 the	 following	 criteria:	 complete	 loss	 (*)	 and/or	 reductions	 of	 cartilage	
substructures,	 cartilage	 deformations,	 asymmetry,	 anteroposterior	 and/or	 lateral	 dislocation	 of	 the	





































































complete	 loss	 and/or	 reductions	 (*)	 of	 cartilage	 substructures,	 cartilage	 deformations,	 asymmetry,	
anteroposterior	 and/or	 lateral	 dislocation	 of	 the	 anterior	 process	 (double	 arrow)	 and/or	 the	 fin	 base,	
appearance	 of	 the	 pelvic	 girdle	 cartilage	 close	 to	 wild	 type	 condition.	G:	 SM0,	 Complete	 pelvic	 girdle	





one	 fin.	 Asymmetric	 (difference	 between	 right	 and	 left	 fin)	 fin	 length	 and/or	 different	 (difference	 ≥	 2)	
number	 of	 fin	 rays.	 J:	 FM1,	 Two	 completely	 developed	 fins	 with	 wild	 type	 like	 morphology	
(undistinguishable	 from	 DMSO	 control),	 maximum	 difference	 in	 number	 of	 rays	 =	 1,	 no	 difference	 in	





lesser	 extend,	 S2.	 Starting	 DEAB	 treatment	 at	 S3	 or	 later	 had	 little	 or	 no	 effect	 on	 pelvic	
girdle	 and	 fin	 formation,	 strongly	 suggesting	 a	 role	 of	 RA	 in	 early	 pelvic	 fin	 development	
(Fig.	12)	(Breu,	2017).		
A	detailed	analysis	of	the	pelvic	girdle	malformations	revealed	a	significant	reduction	of	 its	
total	 length	 in	 DEAB	 treatment	 groups	 S1	 and	 S2,	 while	 the	 total	 width	 generally	 was	





The	obtained	 results	 are	 in	 conformity	with	 the	observations	 of	Welte,	 2011	 and	 indicate	
that	RA	plays	an	 important	role	 in	 the	development	of	pelvic	 fins.	 It	was	assumed	that	RA	
acts	 in	 a	 very	 limited	 time	 frame	 during	 the	 early	 stages	 of	 fin	 bud	 formation	 and	
consequently	might	be	involved	in	the	initiation	process.	However,	no	influence	of	RA	on	the	
expression	levels	of	the	major	players	of	pelvic	fin	initiation,	Pitx1	and	Tbx4,	could	be	proven	










and	 fin	malformations	 (SM	and	 FM,	 respectively)	 after	 long-term	DEAB	 treatment.	DMSO	treatment	
was	used	as	control.	The	numbers	on	the	bars	indicate	the	amount	of	zebrafish	in	the	respective	SM/FM	
class,	n	is	the	total	amount	of	zebrafish	in	the	respective	treatment	group.	A:	Skeletal	malformation	(SM)	
classification.	 The	 earlier	 in	 pelvic	 fin	 development	 the	DEAB	 treatment	was	 started,	 the	more	 severe	
malformations	 were	 observed	 in	 the	 skeletal	 structures	 of	 the	 pelvic	 girdle,	 especially	 in	 treatment	
groups	S<1	and	S1.	Treatment	from	S3	or	later	had	only	minor	or	no	effects	on	pelvic	girdle	formation.	B:	
Fin	malformation	(FM)	classification.	Similarly,	the	earlier	in	pelvic	fin	development	the	DEAB	treatment	
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2017;	Welte,	 2011).	 These	 were	 based	 on	 long-term	 heat-shock	 experiments	 using	 triple	
transgenic	fli:GFP;col2a1:mCherry;Hsp70l:Cyp26a1	fish.	The	use	of	transgenic	zebrafish	lines	
containing	 the	 heat-shock	 promoter	 Hsp70l	 enables	 a	 stable	 overexpression	 of	 the	
downstream	 located	gene,	 in	 this	 case	 the	RA-metabolizing	enzyme	Cyp26a1	 to	 achieve	a	
condition	resembling	a	RA	deficiency.	This	approach	was	already	tested	by	Lisa	Marzi	in	the	
course	of	her	Master	 thesis,	however	 toxicity	of	 repeated	heat-shock	treatments	hindered	
further	 investigations	 (Marzi,	 2015).	 This	 protocol	 was	 now	 optimized	 to	 achieve	 a	




shock	 treatments	 that,	 due	 to	 methodical	 limits,	 always	 affect	 the	 entire	 organism,	 this	
approach	 aimed	 the	 spatially	 and	 temporally	 restricted	 manipulation	 of	 RA	 signalling.	
Therefore,	 driver	 plasmids	 were	 created	 that	 mediate	 the	 expression	 of	 inducible	 Gal4	
variants	 (ERT2-Gal4,	 KalTA4-ERT2	 and	 GAVPO)	 under	 the	 control	 of	 different	 fin	 specific	
enhancers.	 In	 the	 corresponding	 effector	 plasmids	 the	 genes	 Cyp26a1	 and	 dnRarα2a	 are	
regulated	 by	 either	 repetitive	 or	 non-repetitive	 upstream	 activating	 sequences	 (UAS).	
Following	a	proof-of-principle,	 the	generation	of	 transgenic	zebrafish	 lines	with	 this	vector	
constructs	 was	 performed	 using	 the	 Tol2	 transposon	 system.	 Eventually,	 crossing	 fish	 of	
driver	and	effector	lines	will	facilitate	a	tissue	specific	disruption	of	RA	signalling,	in	addition	
to	a	temporal	control	by	the	selection	of	the	starting	point	of	Gal4	induction.	









After	 proving	 the	 functionality	 of	 the	 CRISPR/Cas9	 system	 via	 a	 knockout	 of	 the	 gene	
Tyrosinase	 (Tyr),	 being	 involved	 in	 zebrafish	 pigmentation,	 short	 insertions	 and	 deletions	
(indel	mutations)	were	introduced	in	the	Pitx1	gene	by	co-injection	of	target	specific	sgRNA	
and	Cas9	mRNA.	Using	Polymerase	chain	reaction	(PCR)	with	subsequent	T7	Endonuclease	1	
(T7E1)	 assay,	 F0	 founder	 fish	 carrying	 the	 indel	 mutation	 in	 the	 germ	 line,	 as	 well	 as	








In	 the	 first	 part	 of	 this	 thesis,	 the	 expression	 patterns	 of	 selected	 genes	 were	 analysed	
during	 the	 early	 stages	 of	 pelvic	 fin	 development.	 The	 aim	 of	 the	 project	 was	 to	 get	 an	
overview	 of	 the	 most	 important	 signalling	 pathways	 taking	 part	 in	 this	 developmental	
process	and	to	map	the	expression	domains	of	the	respective	genes.	Most	of	the	molecular	
processes	 in	hindlimb	development,	explained	 in	 the	 introduction,	are	based	on	studies	 in	
mice	or	chicken	embryos	and	it	is	not	known	if	these	findings	are	transferable	to	zebrafish.	
Previous	 expression	 studies	 on	 zebrafish	 pelvic	 fins	 were	 carried	 out	 by	 Emily	 Don,	
investigating	the	genes	Pitx1,	Tbx4,	Tbx5,	Fgf10a,	Fgf8a,	Sp8	and	Shh	in	larvae	aged	21	and	
28	dpf	 (Don,	 2013).	 Here	 in	 this	 study,	 the	 scope	 was	 expanded	 and	 based	 on	 the	




whole-mount	 in	 situ	 hybridisation	 (WISH)	 was	 performed	 using	 specific	 RNA	 antisense	
probes	 detecting	 transcripts	 of	 Pitx1,	 Tbx4,	 Prrx1a,	 Prrx1b,	 Rdh10a,	 Aldh1a2,	 Aldh1a3,	
Cyp26a1,	Cyp26b1,	Cyp26c1,	 Fgf8a,	 Fgf10a	 and	 Shh.	 For	 a	 high-resolution	 imaging	 of	 the	
expression	 site,	 the	 stained	 pelvic	 fin	 buds	 were	 dissected	 (Fig.	13	-	15)	 (Eberlein,	 2018a;	
Weber,	2020).		
First	 of	 all,	 the	 fin-specific	 genes	Pitx1,	Tbx4	 as	well	 as	Prrx1a	 and	Prrx1b	were	 examined	
(Fig.	13).	Pitx1	expression	was	observed	from	S2	-	S6	(Fig.	13A-E).	In	the	early	Stages	2,	3	and	
4,	 the	WISH	staining	extended	over	almost	 the	entire	 fin	bud,	with	exception	of	 the	most	
distal	edge	(Fig.	13A-C).	Later,	as	the	fin	edge	elongates,	the	expression	area	was	restricted	
to	 the	 proximal	 part	 of	 the	 outgrowing	 pelvic	 fin	 bud,	 leaving	 the	 fin	 edge	 clear	 of	Pitx1	








the	 two	homolougous	 genes	Prrx1a	 and	Prrx1b,	 intense	WISH	 staining	was	detected	 from	
S2	-	S6	(Fig.	13J-N	and	13O-S,	respectively).	The	expression	patterns	of	these	two	genes	were	
very	 similar,	expanding	over	 the	entire	pelvic	 fin	bud,	except	of	 the	most	distal	edge.	The	
intensity	 of	 WISH	 staining	 increased	 from	 S2	 to	 S3	 and	 remained	 at	 this	 level	 in	 all	
developmental	 stages	 that	were	 further	examined.	 In	 addition,	 it	was	observed	 in	 S6	 that	
the	edges	of	Prrx1a	and	Prrx1b	expression	domains	in	the	anterior	half	of	the	fin	bud	were	




Fig.	13	 Expression	 patterns	 of	 Pitx1,	 Tbx4,	 Prrx1a	 and	 Prrx1b	 during	 the	 early	 stages	 of	 pelvic	 fin	
development.	WISH	was	performed	on	fli:eGFP	zebrafish	larvae	of	pelvic	fin	developmental	stages	2	-	6	
at	an	age	of	approximately	3	-	4	wpf.	Stained	pelvic	fin	buds	were	dissected	and	subsequently	imaged	by	






















































Cyp26b1	 and	 Cyp26c1	 -	 were	 examined	 for	 their	 expression	 during	 early	 pelvic	 fin	
development.	 Rdh10a,	 encoding	 the	 enzyme	 that	 transforms	 ROL	 to	 RAL,	 was	 detected	
earliest	 at	 S2,	 showing	 weak	 WISH	 staining	 in	 the	 posterior	 pelvic	 fin	 bud.	 The	 staining	
intensity	 increased	 steadily	 as	 the	 bud	 grows	 out,	 while	 the	 expression	 area	 remained	
restricted	to	the	proximal,	mesenchymal	region	(Fig.	14A-E)	(Weber,	2020).	
The	expression	of	Aldh1a2	was	detected	from	S3	-	S6	(Fig.	14F-I).	 It	showed	a	conspicuous	
expression	 pattern,	 which	 was	 restricted	 to	 a	 certain	 area	 in	 the	 posterior	 part	 of	 the	
outgrowing	pelvic	fin	bud.	In	S5,	the	Aldh1a2	expression	domain	began	to	expand	anteriorly	
(Fig.	14H).	 In	 S6,	 it	 extended	over	 the	entire	 length	of	 the	pelvic	 fin	bud,	with	 the	area	of	
highest	 expression	 still	 localizing	 posteriorly	 (Fig.	14I).	 Across	 all	 examined	 developmental	
stages,	Aldh1a2	expression	was	limited	to	the	proximal	region	of	the	fin	bud	(Weber,	2020).	
Similarly,	 Cyp26b1	 expression	 first	 occurred	 at	 S3	 and	 localized	 in	 a	 defined	 spot	 in	 the	






In	 contrast	 to	 that,	Cyp26c1	 showed	 a	 completely	 different	 expression	 pattern.	 This	 gene	
was	detected	only	 in	Stages	2	and	3.	The	WISH	staining	 localized	in	the	most	distal	part	of	
the	 pelvic	 fin	 bud,	 extending	 in	 anteroposterior	 orientation	 along	 the	 entire	 fin	 edge	






completely	 and	 WISH	 staining	 is	 now	 found	 in	 five	 distinct	 stripes,	 orientated	






fin	 development.	WISH	was	performed	on	 fli:eGFP	 zebrafish	 larvae	of	pelvic	 fin	developmental	 stages			
2	-	6	 at	 an	 age	 of	 approximately	 3	-	4	 wpf.	 Stained	 pelvic	 fin	 buds	 were	 dissected	 and	 subsequently	
imaged	 by	 means	 of	 bright	 field	 microscopy.	 A-E:	 Rdh10a.	 Expression	 from	 S2	-	S6	 in	 the	 fin	 bud	
mesenchyme.	 F-I:	 Aldh1a2.	 Expression	 from	 S3	-	S6,	 localized	 posteriorly	 in	 S3	 and	 S4,	 from	 S5	 on	 it	
expanded	 in	 anterior	 direction.	 J-L:	 Cyp26b1.	 Expression	 from	 S3	-	S5	 in	 the	 fin	 bud	 mesenchyme	
(arrows),	 in	S3	restricted	to	a	distinct	spot	 in	the	centre	of	the	fin	bud.	Brackets	mark	the	tissue	of	the	
LPM	beneath	the	fin	bud	showing	Cyp26b1	expression.	M-N:	Cyp26c1.	Expression	in	S2	and	S3,	restricted	




of	 the	outgrowing	 fin	bud	 (Fig.	15A-E).	 The	 intense	WISH	 staining	was	 first	 detected	 in	 S2	
and	 remained	at	 least	 until	 S6.	 These	observations	were	made	 twice,	 in	 two	 independent	
WISH	 experiments,	 carried	 out	 by	 two	 different	 students	 (Eberlein,	 2018a;	Weber,	 2020).	
These	results	are	contradictory	to	the	knowledge	gained	from	studies	on	mouse	and	chicken	
embryos	that	unanimously	 identified	Fgf8	as	a	marker	for	the	apical	ectodermal	ridge	(see	
Fig.	4;	 Fernandez-Teran	&	 Ros,	 2008).	Moreover,	 they	 do	 not	 reproduce	 the	 data	 of	 Don,	
2013,	 where	 an	 expression	 along	 the	 distal	 edge	 of	 the	 pelvic	 fin	 bud	 was	 described.	











































Fgf8a.	Fgf10a	 is	expressed	 from	S2	-	S6	 in	 the	 fin	bud	mesenchyme.	However,	unlike	 than	
Fgf8a,	 it	 expands	 more	 distally,	 forming	 a	 defined	 border	 to	 the	 overlying	 ectoderm	
(Fig.	15F-J)	 (Eberlein,	 2018a).	 The	 Fgf10a	 probe	was	 also	 checked	 by	 sequencing	 to	 avoid	










S2	-	S6,	 forming	 a	 defined	 border	 to	 the	 overlying	 ectoderm	 in	 S2	 and	 S3	 (arrowheads).	 K-N:	 Shh.	














































In	 order	 to	 gain	 an	 expanded	 view	 of	 the	 consequences	 that	 manipulation	 of	 the	 RA	





The	 strategy	 focused	 on	 the	 transgenic	 zebrafish	 line	 Hsp70l:Cyp26a1,	 which	 stably	
overexpresses	Cyp26a1	upon	heat-shock	treatment	(Blum	&	Begemann,	2012;	Kikuchi	et	al.,	
2011).	 Regularly	 repeated	 heat-shocks	 were	 performed	 to	 achieve	 and	 maintain	 a	 RA-
deficiency	situation	during	the	entire	time	span,	in	which	normally	pelvic	fin	formation	takes	
place.	 After	 approximately	 four	 weeks	 of	 treatment,	 the	 effects	 on	 pelvic	 girdle	 and	 fins	
were	examined	using	fluorescence	microscopy,	as	previously	described	(Breu,	2017).		
The	heterozygous	Hsp70l:Cyp26a1	fish	were	first	mated	with	fli:eGFP;col2a1:mCherry	double	






A	 total	 of	 five	 runs	were	 carried	out	 to	determine	 the	optimal	 heat-shock	 conditions	 that	
cause	an	effect,	but	are	not	fatal	for	the	larvae.	These	runs	differed	in	terms	of	temperature,	
number	of	heat-shocks	as	well	 as	 time	 span	between	 subsequent	 treatments.	On	 the	one	
hand,	 it	 turned	 out	 that	 temperatures	 of	 37	°C	 and	 38	°C	 are	 not	 sufficient	 to	 achieve	 an	
effective	 level	 of	Cyp26a1	 overexpression	 in	 larvae	of	 this	 age.	On	 the	other	 hand,	 it	was	
observed	 that	 heat-shocks	 at	 38.5	°C	 have	 an	 effect,	 but	 result	 in	 a	 high	mortality	 rate	 if	
performed	 too	 frequently	 (Draut,	 2020;	 Mayer,	 2020,	 with	 additional	 support	 by	 Lina	
Stacker).	The	final	experimental	workflow	combines	the	experience	from	these	preliminary	
experiments	 and	 is	 visualized	 in	 Fig.	16A.	 The	 successful	overexpression	was	 confirmed	by	

















































































































































































































Fig.	 16	 Increased	 RA	 metabolism	 due	 to	 Cyp26a1	 overexpression	 during	 early	 stages	 of	 pelvic	 fin	
development	results	in	severe	malformations	of	the	pelvic	girdle	and	fin,	up	to	a	complete	reduction.	




and	 fins	were	 then	documented	based	on	 fli:eGFP	 and	col2a1:mCherry	marker	 genes.	Arrows	 indicate	
days	of	staging	and	microscopy.	The	red	bracket	relates	to	the	entire	experiment,	the	blue	and	orange	
brackets	to	individual	treatment	periods.	B-H:	Pelvic	girdles	and	fins	(ventral	view)	of	juvenile	zebrafish	
(ca.	 7	wpf)	 after	 long-term	 heat-shock	 treatment.	 Different	 degrees	 of	 skeletal	 and	 fin	malformations	
(SM	and	FM,	respectively)	were	observed	and	the	individuals	sorted	into	the	classes	SM0	-	SM5	(B-H)	and	
FM1	-	FM3	 (B'-H'),	 according	 to	 Breu,	 2017	 (see	 Fig.	11).	B:	 SM5,	 no	 skeletal	 elements	 (arrows).	C/D:	
SM4,	minimal	pelvic	girdle	structures	(arrows).	E:	SM3,	severe	loss	or	reduction	of	skeletal	substructures,	
asymmetry,	 lateral	 and/or	 anterioposteror	 dislocations.	 F:	 SM2,	 medium	 loss	 or	 reduction	 of	 skeletal	
substructures,	 asymmetry,	 lateral	 and/or	 anterioposteror	 dislocations.	 G:	 SM1,	 minimal	 reduction	 of	
skeletal	substructures,	asymmetry,	 lateral	and/or	anterioposteror	dislocations.	H:	SM0,	complete	pelvic	
girdle	structures.	B':	FM3,	no	pelvic	fins	on	both	sides,	only	weak	eGFP	signal	(arrows).	C'/D':	FM2,	basic	
pelvic	 fin	 structure	 (at	 least	 on	 one	 side),	 asymmetric	 fin	 length	 and/or	 different	 number	 of	 fin	 rays	
(arrows).	E'-H':	FM1,	two	complete	developed	fins.	Malformed	pelvic	girdle	might	impair	attachment	of	
fins	(arrows	in	E').	Double	arrows	indicate	asymmetry	or	dislocations,	asterisks	mark	reduced	or	missing	












under	 the	 same	 conditions	 (Fig.	16A).	 The	 microscopy	 took	 place	 after	 a	 period	 of	 four	
weeks;	at	this	point	81	%	of	the	treated	fish	had	developed	a	complete	pelvic	fin	(Fig.	17B).	
Compared	 to	 the	 long-term	 DEAB	 treatments	 performed	 by	 Breu,	 2017,	 the	 treatment	
period	 was	 relatively	 short,	 however	 the	 keeping	 conditions	 in	 3	litre-boxes,	 instead	 of	
100	ml	 Petri	 dishes,	 enabled	 the	 fish	 to	 grow	 significantly	 faster	 during	 this	 time,	 thus	
making	up	 for	 this	 difference.	 The	overall	 survival	 rate	was	66	%	 for	 treatment	 group	 S<1	





fish,	 which	 is	 a	 destruction	 of	 the	 eye	 lenses	 (Fig.	S5);	 a	 phenotype	 that	 was	 already	
documented	previously	(Nicola	Blum,	unpublished).	




was	 an	obvious	difference	between	Hsp70l:Cyp26a1+/-	 and	Hsp70l:Cyp26a1-/-	 fish	with	 the	
most	severe	phenotypes	generally	being	found	in	treatment	groups	S<1	and	S1.	
A	 total	 of	 24	%	 of	Hsp70l:Cyp26a1+/-	 fish	 in	 group	 S<1	 (4/17)	 and	 7	%	 in	 S1	 (1/14)	 were	
classified	 as	 SM5	 since	 they	 developed	 no	 pelvic	 girdle	 skeletal	 structures	 at	 all	 (Fig.	16B;	
Fig.	17A).	 The	phenotype	of	 SM5	per	definition	 resembles	 the	phenotype	of	 the	pelvic	 fin	








skeletal	 substructures,	 frequently	 appearing	 together	 with	 asymmetry,	 lateral	 and/or	
anterioposteror	 dislocations.	 Only	 a	 minor	 number	 of	 all	 treated	 Hsp70l:Cyp26a1+/-	 fish	
developed	 a	 pelvic	 girdle	 that	 resembles	 (almost)	 the	wild	 type	 (SM1	and	 SM0;	 a	 total	 of	
5/34;	15	%;	originating	from	groups	S<1	and	S2)	(Fig.	16G-H;	Fig.	17A).	
In	 contrast	 to	 that,	 the	 majority	 of	 all	 Hsp70l:Cyp26a1-/-	 control	 fish	 show	 a	 correctly	
developed	 pelvic	 girdle	 skeleton	 (SM0;	 14/34;	 41	%;	 originating	 from	 groups	 S<1	 and	 S1)	
(Fig.	16H;	Fig.	17A)	or	exhibit	at	 least	minimal	malformations	 (SM1;	7/34;	21	%;	originating	
from	groups	S<1	 -	S2)	 (Fig.	16G;	Fig.	17A).	Moderate	malformations	of	class	SM2	 (Fig.	16F)	
were	 found	 with	 a	 total	 frequency	 of	 29	%	 (10/34;	 originating	 from	 groups	 S<1	 -	 S2)	
(Fig.	17A).	Only	2	of	21	individuals	(10	%)	of	the	Hsp70l:Cyp26a1-/-	fish	in	group	S<1	showed	a	










on	 the	 bars	 represent	 the	 numbers	 of	 zebrafish	 in	 the	 respective	 SM/FM	 class;	 n	 is	 total	 number	 of	
zebrafish	 in	 the	 respective	 treatment	 group.	 There	 is	 an	 unambiguous	 difference	 between	
Hsp70l:Cyp26a1+/-	fish	and	Hsp70l:Cyp26a1-/-	control	 fish.	Fish	treated	from	S<1	were	generally	affected	
the	 most.	 The	 later	 in	 development	 the	 heat-shock-treatment	 started	 the	 less	 pronounced	 are	 the	
malformations	 and	 reductions	 of	 pelvic	 girdle	 and	 fin.	A:	 Skeletal	malformation	 (SM)	 classification.	 In	
Hsp70l:Cyp26a1+/-	fish,	severe	malformations	and	reductions	of	the	pelvic	girdle	skeletal	structures	(SM5,	
SM4,	SM3)	were	observed	in	76	%	of	the	individuals	(26/34),	originating	almost	exclusively	in	treatment	
groups	S<1	and	S1.	 In	Hsp70l:Cyp26a1-/-	control	 fish	only	9	%	of	all	 fish	were	 classified	as	SM4	or	SM3	



























(n	=	21)	 (n	=	11)	 (n	=	2)	 (n	=	17)	 (n	=	14)	 (n	=	3)	
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treatment	 group	 S<1	 (4/17)	 and	 7	%	 in	 group	 S1	 (1/14)	 were	 assigned	 FM3	 due	 to	 their	
failure	 to	 develop	 any	 exterior	 pelvic	 fin	 structures	 (Fig.	16B';	 Fig.	17B).	 In	 the	 same	 two	
groups	(S<1,	S1),	a	total	of	six	fish	developed	only	small	pelvic	fin	buds	during	the	treatment	
period,	classified	as	FM2.	Those	are	representing	a	phenotype	comparable	to	the	pelvic	fin	
appearance	 of	much	 earlier	 developmental	 stages	 between	 S6	-	S9	 (Fig.	16C',D';	 Fig.	17B).	






girdle	 and	 fin	 formation,	 a	 quantification	 of	 defined	 distances	 within	 the	 pelvic	 girdle	
(Fig.	18A,A')	 as	well	 as	 general	 features	of	 the	 juvenile	 zebrafish	was	done,	 accordingly	 to	
previous	work	(Breu,	2017).	It	was	observed	that	throughout	all	treatment	groups	(S<1,	S1,	
S2)	 the	 standard	 length	 of	 Hsp70l:Cyp26a1+/-	 fish	 was	 significantly	 reduced	 compared	 to	
their			Hsp70l:Cyp26a-/-	siblings	(Fig.	18B).	Furthermore,	also	the	fin	or	fin	bud	length	showed	
a	 significant	 reduction	 in	 all	 treatment	 groups	 (Fig.	18C).	 This	 value	 was	 calculated	 as	
percentage	 of	 the	 standard	 length	 for	 a	 better	 comparison	 of	 the	 data	 based	 on	 the	
assumption	that	generally	 larger	 fish	exhibit	 larger	pelvic	 fins	/	 fin	buds.	This	phenotype	 is	
accompanied	 by	 a	 reduced	 number	 of	 fin	 rays,	 which	 is	 significantly	 differing	 from	 the	
control	 fish	 at	 least	 in	 treatment	 groups	 S1	 and	 S2	 (Fig.	18D).	 Thus,	 overexpression	 of	




quantified	 based	 on	 a	measurement	method	 established	 previously	 (Breu,	 2017).	 Fig.	18A	
shows	 the	 pelvic	 girdle	 of	 a	Hsp70l:Cyp26a-/-	 control	 fish	 in	 SM0	 and	 Fig.	18A'	 the	 pelvic	
girdle	of	a	Hsp70l:Cyp26a+/-	 fish	 in	SM3	 to	 illustrate	 the	distances	 taken	 into	account.	The	






influence	 on	 this	 feature	 (Fig.	18E).	 The	 evaluated	 distances	within	 the	 pelvic	 girdle	were	
determined	from	four	specific	points	 in	the	pelvic	girdle:	a1,	a2,	b1	and	b2	and	henceforth	
referred	to	as	AL,	BL,	AW	and	BW	(Fig.	18A,A')	(Breu,	2017).	Distances	between	these	points	
were	 calculated	 as	 percentage	 to	 the	 total	 length	 or	 width	 of	 the	 respective	 individual.	






enlargements	 in	Hsp70l:Cyp26a+/-	 fish	were	observed	 for	both	 values	 throughout	 all	 three	
treatment	groups,	with	the	exception	of	distance	AW	in	the	group	treated	from	S2	onwards	
(Fig.	18G).		





developmental	 Stage	2	 the	 effect	 is	 decreasing,	 albeit	 still	 measurable	 (Fig.	17,18).	 This	
strongly	suggests	that	RA	acts	during	the	short	time	period	between	S<1	to	S1	and	that	 its	
influence	on	outgrowth	and	the	development	of	relevant	pelvic	fin	features	decreases	in	S2.	




heat-shock	 experiments	 (Fig.	16)	 are	 compared	 to	 the	 appearance	 of	 the	 pelvic	 fins	 in	
untreated	 fish	 of	 diverse	 developmental	 stages	 (Fig.	3),	 this	 seems	 likely.	 The	 pelvic	
phenotype	 of	 the	 individuals	 assigned	 to	 SM4	 (Fig.	16C)	 resembles	 a	 normal	 pelvic	 girdle	







girdle	 assigned	 to	 SM0	 (A)	 and	 SM3	 (A')	 to	 illustrate	 the	 distances	 measured	 for	 quantification	 of	
malformations	caused	by	Cyp26a1	overexpression.	Measurement	points	are	marked	white,	structures	of	the	
pelvic	 girdle	 are	 labelled	 in	 green	 and	 distances	 in	 yellow.	 ap:	 anterior	 process,	 pp:	 posterior	 process,	 r:	
radials.	TL:	total	length.	TW:	total	width.	AL:	anteroposterior	distance	between	a1	and	a2.	AW:	lateral	distance	
between	a1	and	a2.	BL:	anteroposterior	distance	between	b1	and	b2.	BW:	lateral	distance	between	b1	and	b2.	
Pictures	 are	 taken	 from	 ventral	 view	 with	 anterior	 to	 the	 left.	 Scale	 bar:	 200	µm.	 B-D:	 Quantification	 of	
changes	in	general	features	of	the	larvae	-	standard	length	(B),	length	of	fin	(bud)	(C)	and	number	of	fin	rays	
(D).	E-G:	Quantification	of	certain	distances	within	the	pelvic	girdle	depicted	in	A	and	A'.	The	numbers	on	the	
bars	 represent	 the	 number	 of	 zebrafish	 individuals	 taken	 into	 account	 for	 the	 respective	 evaluation.	
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In	 a	 further	 experiment,	 the	 focus	was	 laid	 on	 the	 investigation	 of	 potential	 target	 genes	
during	 pelvic	 fin	 development,	which	 are	 responsive	 to	 RA	 signalling.	 For	 this,	 short-term	
heat-shock	 treatments	 using	 the	 same	 fli:eGFP;col2a1:mCherry;Hsp70l:Cyp26a1	 fish	 were	
conducted.	These	were	based	on	one	single	heat-shock	treatment	for	1.5	h	at	38.5	°C.	It	was	
performed	on	 larvae	of	3	-	4	wpf	 that	were	 sorted,	 immediately	before,	 according	 to	 their	
pelvic	 fin	development	and	divided	 into	groups	 S<1,	 S1,	 S2	and	S4-6.	 Then,	24	h	after	 the	
treatment,	 the	 larvae	 were	 fixed	 and	 whole-mount	 in	 situ	 hybridisation	 (WISH)	 was	
conducted.	 The	 focus	was	on	 the	 genes	Pitx1,	Tbx4,	Fgf10a,	Fgf8a	 and	Aldh1a2	 to	 detect	
potentially	changed	expression	patterns	in	response	to	decreased	RA	signalling.	As	a	control	




or	 intensities	 was	 observed,	 when	 comparing	Hsp70l:Cyp26a1-/-	 fish	 to	Hsp70l:Cyp26a1+/-	
fish.	To	quantify	 this	data,	 the	 larvae	were	sorted	according	 to	 their	 intensity	of	 the	WISH	
staining	and	divided	into	categories	of	strong	gene	expression,	weak	or	none.	Representative	
images	for	the	three	categories	in	each	developmental	stage	and	a	graphical	representation	
of	 the	 numbers	 of	 larvae	 assigned	 to	 these	 are	 shown	 in	 Fig.	S6	-	S11.	 For	 each	 of	 the	
investigated	genes,	larvae	exhibiting	different	intensities	of	WISH	staining	in	pelvic	fin	buds	
were	found	throughout	all	developmental	stages,	independently	of	the	genotype.	However,	
this	 observation	 cannot	 be	 attributed	 to	 a	 deficient	 heat-shock	 treatment,	 since	 a	
significantly	increased	Cyp26a1	expression	was	found	in	the	pelvic	region	(Fig.	S11)	(Weber,	
2020).	 Interestingly,	 in	contrast	to	the	expression	studies	described	in	section	2.1,	Aldh1a2	
expression	 was	 detected	 also	 in	 S1	 and	 S2	 in	 this	 experimental	 series	 (Fig.	S10)	 (Weber,	
2020).	These	results	therefore	do	not	allow	a	statement	about	possible	target	genes	that	are	
sensitive	 to	 altered	 RA	 concentrations.	 Possibly	 the	 experimental	 was	 not	 suitable	 or	 the	
actual	 target	 genes	 were	 not	 among	 those	 examined.	 This	 brings	 about	 the	 necessity	 of	















To	 investigate	the	role	of	RA	 in	pelvic	 fin	development,	 the	genes	Cyp26a1	and	dnRarα2a,	
whose	proteins	play	an	essential	role	in	the	RA	signalling	pathway,	were	selected.	To	clone	
the	 first	 series	 of	 effector	 plasmids,	 the	 basic	 vector	 pSELF	 (p347)	 was	 used,	 which	 is	
characterized	by	5'	and	3'	minimal	Tol2	cis	sequences	(miniTol5'	and	miniTol3')	that	flank	the	
insert	 to	 be	 integrated	 in	 the	 genome	 by	 Tol2	 Transposase	 activity.	 Further,	 it	 contains	 a	
transcriptional	start	site	(TSS),	five	repetitive	upstream	activating	sequences	(5xUAS)	and	an	
α-crystallin-promoter	 connected	 to	 mRFP	 (Fig.	19).	 The	 latter	 construct	 facilitates	 the	
identification	 of	 successfully	 generated	 transgenic	 larvae.	 It	 provides	 a	 visual	 marker,	 in	
which	 a	 red	 fluorescence	of	 the	 eye	 lenses	 is	mediated	by	 the	 activity	 of	 the	α-crystallin-
promoter	 (Runkle	 et	 al.,	 2002).	 The	 genes	 dnRarα2a	 and	 Cyp26a1	 were	 linked	 to	 the	
reporter	 gene	 eGFP	 in	 two	 different	 ways.	 Cyp26a1	 was	 connected	 to	 eGFP	 via	 a	 short	
sequence	encoding	a	linker	peptide	consisting	of	three	consecutive	Glycine	residues	(3xGly).	








sequencing	 and	 co-injected	 together	 with	 Tol2	 mRNA	 in	 the	 one-cell	 stage	 of	 zebrafish	




Table	 1.	 5xUAS	 effector	 plasmids	 to	 manipulate	 RA	 signalling.	 Summary	 of	 cloned	 5xUAS	 vectors,	
















Previous	 to	 the	 design	 of	 the	 C-terminal	 fusion	 construct,	 an	 N-terminal	 eGFP-Cyp26a1	
variant	 was	 designed	 and	 assembled	 by	 Fabian	 Merkel	 (Merkel,	 2016).	 In	 this	 variant,	
Cyp26a1	 and	eGFP	were	also	connected	with	a	 sequence	encoding	a	3xGly	 linker	peptide.	
For	a	preliminary	functionality	test	of	the	Gal4-UAS	system	and	this	construct,	co-injections	
of	 the	 plasmid	 pTol2_5xUAS:eGFP-Cyp26a1	 together	 with	 in	 vitro	 transcribed	 Gal4-VP16	
mRNA	were	 performed	 in	 the	 one-cell	 stage	 of	 zebrafish	 embryos	 (Merkel,	 2016).	 Fabian	
Merkel	 documented	 a	 green	 fluorescence,	 visible	 from	 7	hpf	 to	 at	 least	 24	hpf,	 with	 a	
distribution	 in	 a	 mosaic	 pattern.	 At	 24	hpf,	 embryos	 exhibited	 severe	 malformations,	
particularly	 affecting	 the	 head	 and	 the	 eyes,	which	 led	 to	 their	 death	 around	 30	-	40	hpf.	
However,	a	direct	connection	between	this	phenotype	and	RA	signalling	was	not	evident	and	



























Moreover	 it	was	 suggested	 that	 incorrect	 folding	 of	 the	 fusion	 protein	might	 have	 led	 to	
protein	aggregates	that	are	toxic	to	the	organism	(Merkel,	2016)	(data	not	shown).	
Therefore,	 the	 C-terminal	 version	 Cyp26a1-eGFP	was	 designed	 and	 constructed	 (Fig.	19A)	
(Eberlein,	 2018b).	 Sanger	 sequencing	 revealed	 a	 point	mutation	 in	 the	Cyp26a1	 sequence	
changing	 the	 amino	 acid	 Alanin(143)	 to	 Valin(143).	 However,	 since	 both	 amino	 acids	 are	




various	 deformities,	 including	 missing	 eyes,	 truncated	 tails	 and	 malformed	 heads	
(Fig.	S12C,D).	 Double	whole-mount	 in	 situ	 hybridisation	 (WISH)	 against	Epha4a	 and	MyoD	
additionally	demonstrated	a	hindbrain	defect,	characterized	by	a	shortening	of	the	distance	
between	rhombomere	5	and	somite	1	(Fig.	S12E)	(Eberlein,	2018b).	The	latter	is	a	significant	
feature	 of	 the	Aldh1a2	 mutant	 neckless	 (nls)	 and	might	 indicate	 a	 state	 of	 RA	 deficiency	
(Begemann	 et	 al.,	 2001).	 However,	 also	 control	 embryos	 injected	 with	 Gal4-VP16	 mRNA	
alone	 exhibited	 this	 phenotype	 (Fig.	S12B),	 strongly	 suggesting	 an	 unspecific,	 toxic	 effect,	
whereupon	an	 adjustment	of	 the	 injected	plasmid	 and	mRNA	 concentration	was	made	 to	
40	ng/µl	and	20	ng/µl,	respectively.	This	amount	of	mRNA	did	not	impair	the	appearance	of	
control	 embryos	 (Fig.	S12H,I),	whereas	 co-injected	 embryos	 still	 exhibited	 a	moderate	nls-
like	phenotype	(Fig.	S12L)	(Eberlein,	2018b).	
These	 proof-of-principle	 experiments	 clearly	 demonstrated	 that	 the	 Gal4-UAS	 system	 is	
basically	working	and	the	eGFP	part	of	the	fusion	constructs	is	functional.	Similarities	to	the	
nls	phenotype	in	co-injected	embryos	at	24	hpf	also	indicated	an	activity	of	Cyp26a1.		
Based	 on	 these	 results	 a	 stable	 transgenic	 5xUAS:Cyp26a1-eGFP	 zebrafish	 line	 was	
established.	 For	 this,	 the	 plasmid	 pTol2_5xUAS:Cyp26a1-eGFP	 was	 co-injected	 with	 Tol2	
mRNA	 in	 the	 one-cell	 stage	 of	 zebrafish	 embryos	 of	 the	Casper	 strain	 (40	ng/µl	 each).	 At	
5	dpf,	 transgenic	 larvae	 were	 identified	 based	 on	 the	 red	 fluorescence	 of	 the	 α-
crystallin:mRFP	 lens	marker	and	raised	to	adulthood	(F0	generation).	Upon	reaching	sexual	
maturity,	F0	fish	were	mated	with	wild	type	fish	(Casper)	and	their	progeny	(F1	generation)	





For	 5xUAS:Cyp26a1-eGFP	 zebrafish	 line,	 transgenic	 F1	 larvae	 could	 be	 obtained	 from	
crossings	of	 the	F0	pair	♂8	and	♀8	and	of	 the	F0	 fish	♀7	with	a	wild	type	male	 (Eberlein,	




VP16	was	proven	 via	 injection	of	ERT2-Gal4-VP16	mRNA	 in	 one-cell	 stage	 embryos	of	 the	
transgenic	UAS:GFP	zebrafish	line	followed	by	induction	with	4-OHT	in	concentration	of	1,	2	
and	 5	µM.	 Strong	 eGFP	 fluorescence	 was	 obtained	 with	 all	 three	 concentrations,	
documented	until	5	dpf	(Fig.	S13).	
Upon	 injection	 of	ERT2-Gal4-VP16	mRNA	 (40	ng/µl)	 in	 F2	 zygotes	 of	5xUAS:Cyp26a1-eGFP	
and	 subsequent	 induction	 with	 2	µM	 4-OHT	 at	 a	 developmental	 stage	 of	 50	%	 epiboly,	
expression	 of	 eGFP	 could	 be	 effectively	 induced,	which	was	 visible	 throughout	 the	 entire	
embryo	 at	 24	hpf	 (Fig.	20D).	 Embryos	 treated	with	pure	 EtOH	as	 control	 showed	no	eGFP	
fluorescence	 (Fig.	20C)	 (Eberlein,	 2018a).	 However,	 hindbrain	 defects,	which	 are	 expected	
from	reduced	RA	signalling,	could	not	be	observed	at	24	hpf	(Fig.	20F).	Therefore,	embryos	
were	examined	again	at	72	hpf,	where	 they	were	 still	 showing	 intense	eGFP	 fluorescence,	
restricted	to	the	trunk	and	tail	(Fig.	20J).	This	time	the	focus	was	on	the	appearance	of	the	
pectoral	fins,	due	to	the	fact	that	their	formation	is	completely	suppressed	in	the	nls	mutant	
(Begemann	et	al.,	2001).	However,	the	pectoral	 fins	 in	4-OHT-induced	 larvae	had	a	normal	
size	 and	 shape	 with	 no	 obvious	 functional	 impairments.	Minor	 size	 variations	 of	 the	 fins	
were	 attributed	 to	 natural	 fluctuation	 (Fig.	20K,L)	 (Eberlein,	 2018a).	 Corresponding	
experiments	with	F2	offspring	of	founder	♀7	led	to	comparable	results	(data	not	shown).		
This	 strongly	 suggests	 that	 the	 C-terminal	 Cyp26a1-eGFP	 fusion	 protein	 is	 inactive.	 Most	
likely	 the	 function	 of	 Cyp26a1	 is	 disturbed	 due	 to	 the	 linkage	 to	 eGFP	 via	 a	 3xGly	 linker	
peptide.	 This	 connection	 might	 either	 influence	 the	 folding	 process	 of	 Cyp26a1	 or	 cause	
steric	hindrances	due	to	the	eGFP	part,	negatively	impairing	the	catalytic	activity	of	Cyp26a1	
(Chen	et	al.,	2013).	The	missing	activity	is	probably	not	due	to	the	Cyp26a1	sequence	since	








epiboly.	 At	 24	 hpf,	 eGFP	 fluorescence	 is	 visible	 only	 in	 induced	 embryos	 throughout	 the	 whole	 body	
(C,D).	Embryos	seem	normally	developed	and	healthy;	there	are	no	signs	of	RA-deficiency	(A,B).	Whole-
mount	 in	 situ	 hybridisation	 against	 Epha4a	 and	MyoD	 mRNA	 does	 not	 reveal	 any	 truncation	 of	 the	
anteroposterior	 axis	 anterior	 to	 the	 somites.	 The	 distance	 between	 rhombomere	 5	 and	 somite	 1	 is	
indicated	with	 brackets	 (E,F).	 At	 72	 hpf	 eGFP	 fluorescence	 is	 visible	 only	 in	 induced	 larvae	 in	 a	 stripe	
pattern	 in	 the	 trunk	and	 tail	 (I,J).	K,L:	magnifications	of	 the	anterior	body	half	of	 larvae	shown	 in	G,H.	
There	is	only	a	slight	reduction	of	pectoral	fin	size	that	might	be	a	morphological	variation	and	does	not	
































connected	with	 eGFP	 via	 an	 IRES	 and	 put	 under	 the	 control	 of	 5xUAS.	 This	 was	 done	 by	
Marlene	Schmidt	as	part	of	her	Master	 thesis	 (Fig.	19B)	 (Schmidt,	2017).	Marlene	Schmidt	
additionally	 performed	 preliminary	 activity	 test	 with	 the	 newly	 assembled	 plasmid,	 that	
were	 based	 on	 co-injections	 of	 5xUAS:dnRarα2a-IRES-eGFP	 in	 one-cell	 stage	 embryos	




resulting	 in	eGFP	 fluorescence	 in	47	%	of	 co-injected	embryos	at	24	hpf.	This	 fluorescence	
was	mainly	restricted	to	the	yolk,	which	is	most	 likely	due	to	the	process	of	microinjection	
(Fig.	S12N).	 Injections	are,	whenever	possible,	performed	directly	 into	 the	cell,	however,	a	
distribution	of	the	injected	nucleic	acid	mixture	into	the	yolk	cannot	be	excluded.	The	results	
proved	 the	 efficient	 expression	 of	 the	 second	 gene	 on	 this	 bicistronic	mRNA,	 indicating	 a	
properly	 integrated	 IRES	 and	 a	 functional	 eGFP	protein.	 Subsequent	WISH	against	Epha4a	
and	MyoD	 revealed	 only	 a	 minor	 shortening	 of	 the	 anteroposterior	 axis	 anterior	 to	 the	
somites,	 which	 however	 corresponds	 to	 expectations	 based	 on	 the	 poor	 distribution	 of	
transgene	activity	in	the	bodies	of	the	embryos	(Fig.	S12O)	(Eberlein,	2018b).		
From	this	 test	 series,	 the	 functionality	of	 the	dnRarα2a	component	of	 the	construct	 could	
neither	be	unambiguously	proven	nor	refuted,	thus	it	was	proceeded	with	the	establishment	
of	 a	 stable	 transgenic	 line.	 Following	 co-injection	 of	 the	 plasmid	 pTol2_5xUAS:dnRarα2a-
IRES-eGFP	together	with	Tol2	mRNA,	five	different	F0	founder	fish	(♂4,	♂5,	♂10,	♂11	and	












(A-C,	 arrows).	 Intense	eGFP	 fluorescence	 is	visible	 in	 these	embryos	 throughout	 the	whole	body	 (D-F).	
Whole-mount	 in	 situ	 hybridisation	 against	 Epha4a	 and	 MyoD	 mRNA	 shows	 a	 truncation	 of	 the	
anteroposterior	 axis	 anterior	 to	 the	 somites.	 The	 distance	 between	 rhombomere	 5	 and	 somite	 1	 is	
indicated	with	brackets	(G-I).	At	72	hpf	eGFP	fluorescence	is	visible	only	in	induced	larvae	throughout	the	




































embryos	 were	 subsequently	 treated	 with	 2	µM	 4-OHT	 from	 50	%	 epiboly	 onwards.	 The	
control	groups	were	treated	with	equivalent	amounts	of	EtOH	(Eberlein,	2018a).	At	24	hpf,	
induced	embryos	exhibited	a	strong	eGFP	fluorescence,	that	was	never	seen	in	the	control	
(Fig.	21D-F;	 Fig.	S14E-H).	 Moreover,	 embryos	 of	 all	 five	 lines	 developed	 the	 expected	 RA	
deficiency	(nls)	phenotype	to	varying	extends.	The	specific	bulge	in	the	neck	is	clearly	visible	
at	24	hpf	(Fig.	21A-C;	Fig.	S14A-D),	while	WISH	against	Epha4a	and	MyoD	demonstrated	the	
hindbrain	 defects,	 characterized	 by	 an	 approximation	 of	 rhombomere	5	 to	 somite	1	
(Fig.	21G-I;	 Fig.	S14I-L).	 Later,	 at	 72	hpf,	 a	 significant	 reduction	 of	 the	 pectoral	 fins	 was	
observed	in	induced	embryos,	compared	to	the	control	(Fig.	21P-R;	Fig.	S14U-X).	A	complete	
reduction	of	the	pectoral	fins	was	not	observed.	However,	this	was	not	to	be	expected,	since	
after	 a	 single	microinjection,	 an	 increasing	dilution	of	 the	ERT2-Gal4-VP16	mRNA	must	be	
assumed,	 which	 lowers	 effectiveness	 of	 Gal4	 induced	 transgene	 activation.	 At	 this	 point,	
some	 of	 the	 embryos	 also	 showed	 other	 severe	 impairments,	 among	 others	 pericardial	
edema	 (Fig.	S14V,W)	 (Eberlein,	 2018a).	 In	 summary,	 these	 results	 suggests,	 that	 all	 five	
transgenic	 5xUAS:dnRarα2a-IRES-eGFP	 lines	 are	 indeed	 able	 to	 block	 RA	 signalling	 at	 the	







lines	 (Mück,	 2019).	 In	 this	 context,	 the	 functionality	 of	 four	 non-repetitive	 upstream	
activator	sequences	 (4xnrUAS)	 instead	of	5xUAS	was	 tested.	These	 four	distinct	sequences	
are	less	susceptible	to	methylation	while	their	ability	to	activate	downstream	genes	is	on	the	
same	 level	 (Akitake	et	al.,	2011;	Goll	et	al.,	2009).	Moreover,	different	marker	genes	were	
selected	 and	 evaluated	 for	 applicability	 in	 the	 Gal4-UAS	 system.	 The	 intention	 was	 to	
establish	 a	 set	 of	 vectors,	 expressing	 different	 fluorescence	 markers	 that	 label	 distinct	
structures	 within	 the	 zebrafish	 larvae.	 Ultimately	 this	 will	 facilitate	 the	 identification	 of	
double	 transgenic	 individuals	 emerging	 from	 a	 crossing	 of	 effector	 and	 driver	 lines.	 The	
reporter	 constructs	 α-crystallin:Citrine	 and	 cmlc2:mCherry	 ('bleeding	 heart')	 were	
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considered,	 which	 mediate	 a	 green	 labelling	 of	 the	 eye	 lenses	 or	 a	 red	 labelling	 of	 the	
myocardium,	respectively	(Huang	et	al.,	2003;	Runkle	et	al.,	2002).		
The	plasmids	used	for	these	projects	were	based	on	'zero-background'	Tol2	vectors	designed	
by	David	Richter	 (University	of	Bayreuth)	as	part	of	 the	 further	development	of	his	ZeBRα	
DNA-assembly	 system	 (Richter	 et	 al.,	 2019,	 Fig.	S15A,B).	 Again,	 the	 whole	 expression	
cassette	 is	 flanked	by	minimal	Tol2	cis	 sequences	 that	enable	 random	 integration	 into	 the	
zebrafish	genome,	mediated	by	Tol2	transposase	activity	(Fig.	S15A,B;	Fig.	22).	
To	test	 the	functionality	of	 the	4xnrUAS	and	the	two	marker	genes,	several	plasmids	were	





2018a;	 Merkel,	 2016).	 In	 general,	 the	 fusion	 construct	 has	 the	 advantage	 that	 the	 exact	
location	of	Cyp26a1	or	dnRarα2a	activity	is	reflected.	In	contrast	to	that,	in	the	case	of	IRES	
constructs,	 diffusion	 is	 possible	 due	 to	 the	 formation	 of	 two	 individual	 proteins.	 Thus	 the	





2015)	 in	advance	of	 the	4-OHT-treatments.	 In	 this	way,	 corresponding	experiments	 to	 the	
DEAB	and	heat-shock	treatments,	described	previously	(see	1.5	and	2.2.2),	are	enabled.		
The	 cloning	 strategy	 for	 the	 generation	 of	 the	 4xnrUAS	 plasmids	 started	 by	 removing	 the	











containing	 four	 non-repetitive	 UAS	 sequences	 to	 control	 transgene	 expression.	 Vectors	 are	 further	
composed	of	different	combinations	of	marker	genes	(α-crystallin:Citrine	and	cmlc2:mCherry)	and	the	RA	












Fig.	 22	 Schematic	 representation	 of	 the	 4xnrUAS	 effector	 plasmids.	 The	 basic	 vectors	 pTol2	 (p403,	





First	 of	 all,	 the	 dnRarα2a-IRES-eGFP	 construct,	 which	 was	 already	 proven	 to	 effectively	
inhibit	RA	signalling	 in	 transgenic	zebrafish	 (Fig.	21;	Fig.	S14),	was	cloned	 into	 the	4xnrUAS	
vector	 containing	 the	 α-crystallin:Citrine	 reporter	 gene.	 For	 a	 preliminary	 test	 of	 the	
functionality	 of	 the	 4xnrUAS,	 co-injection	 of	 pTol2_4xnrUAS:dnRarα2a-IRES-eGFP_α-
crystallin:Citrine	and	Gal4-VP16	mRNA	were	carried	out	in	the	one-cell	stage	of	embryos	of	




































cells,	 while	 almost	 no	 fluorescence	 localized	 in	 the	 yolk.	 The	 green	 fluorescence	 of	 the																														
α-crystallin:Citrine	marker	 was	 observed	 at	 72	hpf,	 specifically	 in	 the	 eye	 lens	 (Fig.	23C).	
Control	 injections	 with	 Gal4-VP16	 mRNA	 alone	 did	 not	 result	 in	 any	 fluorescence	 or	





parallel,	 both	 variants	 were	 created	 for	 each	 of	 the	 two	 genes	 together	 with	 the	
fluorescence	marker	 gene	mRFP.	 For	 the	 fusion	 constructs,	 the	 same	 sequence,	 encoding	
the	 3xGly	 linker	 peptide,	was	 used	 to	 connect	 the	 RAI	 genes	with	mRFP	 (Table	 2)	 (Mück,	
2019).	Afterwards,	each	correctly	assembled	plasmid	 (40	ng/µl)	was	co-injected	with	Gal4-
VP16	mRNA	(20	ng/µl)	in	the	one-cell	stage	of	zebrafish	embryos	(Casper	strain).	At	24	hpf,	




of	 the	 embryo	 (Fig.	23H).	 Regarding	 Cyp26a1-mRFP,	 8	%	 (5/65)	 of	 injected	 embryos	were	
identified	 for	 present	 mRFP	 fluorescence	 (Fig.	23K),	 while	 for	 the	 Cyp26a1-IRES-mRFP	
construct,	fluorescence	was	barely	visible	(Fig.	23N)	(Mück,	2019).	For	all	tested	constructs,	
the	 cardiac	 tissue	 specific	 cmlc2:mCherry	 marker	 was	 visible	 at	 72	hpf	 in	 a	 mosaic-like	
pattern	 in	the	heart	of	the	embryos	(Fig.	23F,I,L,O)	 (Mück,	2019).	Consequently,	 the	fusion	
constructs	yielded	more	intense	mRFP	fluorescence	than	the	corresponding	IRES	constructs.	
This	 is	 not	 unexpected,	 as	 normally	 the	 second	 reading	 frame	 on	 the	 bicistronic	mRNA	 is	
translated	 to	 a	 lesser	 extend	 compared	 to	 the	 first	 one,	 ranging	 in	 most	 cases	 between					
20	-	50	%	(Mizuguchi	et	al.,	2000).	Moreover,	in	comparison	to	eGFP,	mRFP	seems	to	have	a	
lower	 detection	 sensitivity	 while	 bearing	 a	 higher	 stability	 at	 the	 same	 time	 (Wan	 et	 al.,	
2002).	 This	 is	 reflected	 in	 the	 plasmid	 functionality	 tests,	 since	 the	 observed	 red	





Fig.	 23	 Gal4-VP16	 induces	 transgene	 expression	 in	 zebrafish	 larvae	 upon	 co-injection	 with	 4xnrUAS	
effector	 plasmids.	 A:	 Injection	 of	 pTol2_5xUAS:dnRarα2a-IRES-eGFP_α-crystallin:mRFP	 (40	ng/µl),	
containing	5	repetitive	UAS,	together	with	Gal4-VP16	mRNA	(20	ng/µl)	into	the	one-cell	stage	of	embryos	




(40	ng/µl),	 containing	 dnRarα2a	 or	 Cyp26a1	 and	mRFP	 either	 as	 a	 fusion	 construct	 (with	 a	 3xGlycin	
linker)	or	 as	 IRES	 construct,	were	 co-injected	with	Gal4-VP16	mRNA	 (20	ng/µl)	 in	 the	one-cell-stage	of	
zebrafish	embryos.	D-F:	pTol2_4xnrUAS:dnRarα2a-mRFP_cmlc2:mCherry,	G-I:	pTol2_4xnrUAS:	dnRarα2a-
IRES-mRFP_cmlc2:mCherry,	 J-L:	 pTol2_4xnrUAS:Cyp26a1-mRFP_cmlc2:mCherry,	 M-O:	 pTol2_4xnrUAS:	
Cyp26a1-IRES-mRFP_cmlc2:mCherry.	 Mosaic	 mRFP	 fluorescence	 is	 observed	 at	 24	hpf	 in	 injected	






















diverse	 malformations	 were	 observed	 following	 co-injection	 with	 Gal4-VP16	 mRNA.	 This	
includes	deformed	heads,	truncated	tails	(Fig.	23G,J)	and	reduced	or	missing	eyes;	the	same	
effects	 that	 were	 observed	 previously,	 in	 course	 of	 testing	 the	 corresponding	 5xUAS	
plasmids	(Fig.	S12).	They	had	been	attributed	to	a	toxic	effect	due	to	excessively	high	nucleic	
acid	concentrations.	Although	here,	 lower	concentrations	of	plasmid	and	Gal4-VP16	mRNA	





fluorescence.	 Un-injected	 embryos	 were	 used	 as	 negative	 control.	 Progeny	 of	 the	
Hsp70l:Cyp26a1	line	that	were	heat-shocked	at	30	-	50	%	epiboly	for	2.5	h	at	38.5	°C	served	
as	a	positive	control	(Fig.	24)	(Mück,	2019).	The	co-injection	of	all	four	constructs	with	Gal4-
VP16	 mRNA	 resulted	 in	 a	 reduction	 of	 the	 anteroposterior	 axis,	 which	 is	 visualized	 by	 a	
shortening	 of	 the	 distance	 between	 rhombomere	 5	 and	 somite	 1	 (Fig.	24C-F).	 The	 un-
injected	embryos	exhibited	a	normal	spacing	between	these	two	structures	(Fig.	24A),	while	




dnRarα2a-mRFP	 and	 dnRarα2a-IRES-mRFP	 were	 approximately	 the	 same.	 In	 case	 of	
Cyp26a1-mRFP	 and	 Cyp26a1-IRES-mRFP	 the	 differences	 were	 more	 striking.	 Here,	
significantly	 lower	 values	were	 obtained	 for	Cyp26a1-IRES-mRFP	 (Mück,	 2019).	 This	 again	
indicated	 that	 Cyp26a1	 is	 inactive	 as	 a	 fusion	 protein,	 regardless	 of	 its	 combination	 with	
eGFP	 or	 mRFP	 (see	 Fig.	20	 and	 Fig.	24)	 (Eberlein,	 2018a;	 Mück,	 2019).	 However,	 the	
Cyp26a1-IRES-mRFP	 construct	 gave	 the	 lowest	 values	 apart	 from	 the	 positive	 control,	
suggesting	 that	 the	 single	 Cyp26a1	 protein	 is	 active.	 In	 case	 of	dnRarα2a,	 both	 versions	 -	





bound	 RA-receptor	 protein	 and	 Cyp26a1	 a	 heme-containing	 RA-metabolizing	 enzyme	
(Awadalla	et	al.,	2016;	Bourguet	et	al.,		2000).	
Alltogether,	 pTol2_4xnrUAS:Cyp261-IRES-mRFP_cmlc2:mCherry	 and	 pTol2_4xnrUAS:	
dnRarα2a-IRES-mRFP_cmlc2:mCherry	 turned	 out	 to	 be	 the	 most	 promising	 constructs	 to	




Fig.	 24	 Evaluation	 of	 the	 RA	 deficiency	 phenotype	 of	 zebrafish	 larvae	 co-injected	 with	 Gal4-VP16	
mRNA	and	various	4xnrUAS	effector	plasmids.	A-F:	Indicated	effector	plasmids	(40	ng/µl)	were	injected	
together	with	Gal4-VP16	mRNA	(20	ng/µl)	in	the	one-cell	stage	of	zebrafish	embryos	of	the	Casper	strain.	
This	 leads	 to	 a	 RA-deficiency	 phenotype	 at	 24	hpf	 visualized	 by	WISH	 against	Epha4a	 and	MyoD.	 The	
distance	 between	 rhombomere	 5	 and	 somite	 1	 is	 indicated	 with	 brackets.	 A:	 Un-injected	 control	
embryos	of	 the	Casper	 strain.	B:	Hsp70l:Cyp26a1	 embryos	 that	were	heat-shocked	at	30	-	50%	epiboly	
for	2.5	h	at	38.5	°C	as	a	positive	control.	G:	The	average	distance	between	rhombomere	5	and	the	first	
somite	 is	 significantly	 reduced	after	 co-injection	of	different	4xnrUAS	 effector	plasmids	and	Gal4-VP16	



















driver	 lines	was	established.	As	preliminary	work,	 transgenic	 zebrafish	 reporter	 lines	were	
generated,	with	 the	 intention	 to	 functionally	 evaluate	different	 fin	 specific	 enhancers.	 For	
this	 purpose,	 the	 enhancer	 detection	 plasmid	 pTol2	 was	 used,	 which	 was	 obtained	 from	
Reinhard	Köster	(TU	Braunschweig).	It	provides	5'	and	3'	minimal	Tol2	cis	sequences	and	is	
therefore	 suitable	 for	 the	 generation	 of	 new	 zebrafish	 transgenic	 lines.	 The	 respective	
enhancer	fragments	were	PCR-amplified	either	from	zebrafish	genomic	DNA	or	from	plasmid	






zebrafish	 genome	was	 carried	 out	 as	well	 (Merkel,	 2016)	 and	 the	 two	 detected,	 putative	
enhancer	sequences	PPE1	and	PPE2	tested	for	activity.	Last,	the	Prrx1	enhancers	Prrx1a	and	
Prrx1b1,	 specifically	 active	 in	 zebrafish	 pectoral	 and	 pelvic	 fins,	 were	 chosen	 (Hernández-
Vega	&	Minguillón,	2011).	
	
Table	3.	 Reporter	 constructs	 to	 visualize	 enhancer	 activity	 in	 pelvic	 fins.	 Summary	 of	 all	 reporter	



















constructs,	 the	 fin	 specific	 enhancers	 are	 located	 upstream	 of	 a	 β-actin	 basal	 promoter,	 driving	 the	
expression	 of	 the	 reporter	 gene	mClover.	 In	 some	 constructs,	 an	 α-crystallin-promoter	 connected	 to	
mRFP	was	added	additionally,	driving	mRFP	expression	in	the	eye	lenses	from	4	dpf	onwards	for	easier	




Successfully	 assembled	 pTol2_mClover	 reporter	 plasmids	 were	 confirmed	 by	 Sanger	
sequencing	 and	 subsequently	 co-injected	 with	 Tol2	 mRNA	 (40	ng/µl	 each)	 in	 the	 one-cell	






First,	 the	 hindlimb	 specific	 Tbx4	 enhancers	 HLEA	 and	 HLEB	 (hindlimb	 enhancer	 A	 and	 B)	
(Menke	et	al.,	2008)	were	tested	for	driving	mClover	expression	in	transgenic	zebrafish.	The	
vectors	pDBM7,	containing	the	full-length	1.1	kb	HLEA	fragment	from	mouse,	and	pDBM20,	




constructing	 a	pTol2_2xHLEB:mClover	 vector,	 containing	 two	 consecutive	 HLEB	 sequences	
instead	 of	 the	 originally	 four	 (Merkel,	 2016).	 In	 addition,	 he	 assembled	 the	













with	 Tol2	 mRNA	 in	 fertilized	 zebrafish	 eggs	 generated	 several	 F0	 fish	 (Merkel,	 2016).	
However,	as	the	plasmids	were	lacking	an	additional	marker	gene	for	easier	identification	of	
transgenic	 fish,	 the	 identification	 of	 founder	 fish,	 which	 inherited	 the	 transgene	 to	 their	
progeny,	 turned	 out	 to	 be	 difficult.	 Therefore	 the	 pTol2_HLEA:mClover	 plasmid	 was	
modified,	 by	 adding	 an	 additional	 α-crystallin:mRFP	 reporter	 construct,	 driving	 mRFP	
expression	 in	 the	 eye	 lenses	 (Table	3).	 Injections	 of	 the	 newly	 created	




in	 the	 identification	 of	 one	 founder	 fish	 (♂9).	 Further	 observations	 of	 F1	 progeny	 of	♂9,	
however,	 revealed	no	mClover	 fluorescence	 in	 the	pelvic	 fin	 region	 at	 an	 age	of	 3	-	4	wpf	








Emily	 Kate	 Don	 (Macquarie	 University,	 Sydney).	 On	 the	 basis	 of	 this,	 the	 plasmid	









and	 got	 superimposed	 by	 background	 fluorescence	 originating	 from	 the	 intestines.	
Repressing	 interactions	 would	 also	 be	 conceivable,	 either	 from	 within	 the	 construct,	 for	
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stickleback	 enhancer	 fragment	 was	 compared	 to	 the	 45	kb	 zebrafish	 genome	 region	
upstream	 of	 the	 first	 Pitx1	 exon.	 The	 alignment	 revealed	 two	 700	bp	 long,	 non-coding	
regions	 that	 are	 conserved	 without	 containing	 sections	 of	 highly	 repetitive	 sequences	
(Fig.	S16).	 These	 interesting	 sequences	 were	 henceforth	 referred	 to	 as	 putative	 Pitx1	
enhancer	1	(PPE1)	and	2	(PPE2)	and	further	examined	for	enhancer	activity	(Merkel,	2016).	
In	 this	 study,	 this	 project	 was	 continued,	 starting	 with	 the	 assembly	 of	 pTol2_mClover	
reporter	plasmids	that	contained	either	PPE1	or	PPE2	in	combination	with	an	additional	α-
crystallin:mRFP	 marker	 gene	 (Table	3).	 Upon	 injection	 of	 pTol2_PPE1:mClover_α-
crystallin:mRFP	 together	with	Tol2	mRNA	 in	 fertilized	 zebrafish	 eggs,	 F0	 fish	 show	 intense	
mClover	 fluorescence	 at	 the	 age	 of	 3	-	4	wpf	 in	 several	 parts	 of	 the	 body,	 including	 the	
somites,	eye	lenses,	heart,	pelvic	and	pectoral	fins	(Fig.	26)	(Merkel,	2016;	Nardini,	2018).	It	
should	be	noted	 that	 this	 could	partly	be	nonspecific	expression	due	 to	 integration	of	 the	






various	body	parts,	 like	 the	 somites	 (asterisks),	 eye	 lens	 (arrow)	and	 in	 the	 fin	 rays	of	 the	pectoral	 fin	






Figure 6: mClover expression under control of PPE1 in microinjected zebrafish. Zebrafish larvae expressing the 
reporter gene mClover after microinjection of the PPE1:mClover;α-crys:RFP construct in the one-cell stage of 
fertilized casper eggs. A) 29 dpf larva  with mClover expression in various body parts, like the somites 
(asterisks) and lens (arrow), but also in the fin rays of the pectoral fin (red arrowhead). B) 30 dpf zebrafish 
larvae with mClover expression in the heart (arrowhead), somites (asterisks) and especially in the pelvic fin 
(indicated with dashed lines in red). Scale bar is 500 µm 
 
These unexpected nonspecific expression patterns in heart, somites and eye, after PPE1 
injection, could result from random integration of the construct down- or even upstream of 
a strong enhancer, as well as behind a promoter (Cid Arregui, 1997). However, this seems to 
be implausible for PPE1, considering the fact, that a few larvae showed similar expression 
pattern after injection of this construct, but not after injection of the PPE2- or Pel2.5kb-




Figure 6: mClover expression under control of PPE1 in microinjected zebrafish. Zebrafish larvae expressing the 
reporter gene mClover after microinjection of the PPE1:mClover;α-crys:RFP construct in the one-cell stage of 
fertilized casper eggs. A) 29 dpf larvae with mClover expression in various body parts, like the somites 
(asterisks) and lens (arrow), but also in the fin rays of the pectoral fin (red arrowhead). B) 30 dpf zebrafish 
larvae with mClover expression in the heart (arrowhead), somites (asterisks) and especially in the pelvic fin 
(indicated with dashed lines in red). Scale bar is 500 µm 
 
These unexpected nonspecific expression patterns in heart, somites and eye, after PPE1 
injection, could result from random integration of the construct down- or even upstream of 
a strong enhancer, as well as behind a promoter (Cid Arregui, 1997). However, this seems to 
be implausible for PPE1, considering the fact, that a few larvae showed similar expression 
pattern after injection of this construct, but not after injection of the PPE2- or Pel2.5kb-




Figure 6: mClover expression under control of PPE1 in microinjected zebrafish. Zebrafish larvae expressing the 
reporter gene mClover after microinjection of the PPE1:mClover;α-crys:RFP construct in the one-cell stage of 
fertilized casper eggs. A) 29 dpf larvae with mClover expression in various body parts, like the somites 
(asterisks) and lens (arrow), but also in the fin rays of the pectoral fin (red arrowhead). B) 30 dpf zebrafish 
larvae with mClover expression in the heart (arrowhead), somites (asterisks) and especially in the pelvic fin 
(indicated with dashed lines in red). Scale bar is 500 µm 
 
These unexpected nonspecific expression patterns in heart, somites and eye, after PPE1 
injection, could result from random integration of the construct down- or even upstream of 
a strong enhancer, as well as behind a promoter (Cid Arregui, 1997). However, this seems to 
be implausible for PPE1, considering the fact, that a few larvae showed similar expression 
pattern after injection of this construct, but not after injection of the PPE2- or Pel2.5kb-


















After	 reaching	 sexual	 maturity,	 PPE1:mClover_α-crystallin:mRFP	 F0	 fish	 were	 mated	 with	
wild	 type	 fish	of	 the	Casper	 strain	 and	 the	examination	of	 the	 F1	progeny	 resulted	 in	 the	
identification	 of	 two	 founder	 fish	 (♂6	 and	♂12).	 However,	 in	 contrast	 to	 the	widespread	
mClover	fluorescence	observed	in	F0	fish,	F1	larvae	from	founder	fish	♂6	exhibited	mClover	
fluorescence	only	in	very	distinct	parts	of	the	brain	at	3	-	4	wpf	(data	not	shown).	Moreover,	
in	F1	progeny	 from	founder	♂12	no	mClover	 fluorescence	was	detected	at	 this	age	 in	any	
part	of	the	larvae.	This	indicates,	that	despite	the	strong	transgene	expression	in	F0	mosaic	
fish,	 the	 sequence	 PPE1	 seems	 to	 have	 low	 activity	 in	 non-mosaic	 F1	 fish	 or	 even	 is	
completely	inactive.	








The	 third	 fin	 specific	 enhancers	 that	 were	 examined	 were	 those	 from	 the	 orthologous	
zebrafish	 genes	 Prrx1a	 and	 Prrx1b.	 Three	 enhancers	 sequences,	 Prrx1a,	 Prrx1b1	 and	
Prrx1b2,	 were	 identified	 previously	 and	 confirmed	 for	 driving	 transgene	 expression	 in	
zebrafish	 embryos	 (Hernández-Vega	 &	 Minguillón,	 2011).	 For	 this	 study,	 the	 sequences	
Prrx1a	and	Prrx1b1	were	chosen	to	create	pTol2_mClover	reporter	constructs.	Since	Prrx1a	
and	Prrx1b	are	already	expressed	very	early	in	zebrafish	embryonic	development,	beginning	
during	 the	 segmentation	 stages	 and	 continuing	 as	 the	pectoral	 fins	 develop	 (Thisse	 et	 al.,	
2001),	 an	 additional	 α-crystallin:mRFP	 marker	 gene	 was	 dispensed	 with.	 Based	 on	 the	
published	 sequence	 information	 (Hernández-Vega	 &	 Minguillón,	 2011),	 both	 enhancers	
(266	bp	 Prrx1a	 and	 286	bp	 Prrx1b1)	were	 PCR-amplified	 from	 zebrafish	 genomic	DNA	and	
assembled	 with	 the	 linearized	 pTol2_mClover	 vector	 by	 means	 of	 traditional	 cloning.	
Following	Sanger	sequencing	to	verify	the	sequence,	co-injections	of	pTol2_Prrx1a:mClover	
or	pTol2_Prrx1b1:mClover	with	Tol2	mRNA	 in	 the	 one-cell	 stage	 of	 zebrafish	 eggs	 (Casper	






























































Fig.	27	Transgene	expression	 in	the	F3	generation	of	Prrx1a:mClover	 (A-B)	and	Prrx1b1:mClover	 (C-H)	
reporter	lines	from	different	founder	fish.	Specific	mClover	fluorescence	is	visible	in	pectoral	and	pelvic	
fins	 at	 48	hpf	 (A,C,E,G)	 or	 4	wpf	 (Stage	4)	 (B,D,F,H),	 respectively.	 Images	 A'-H'	 show	 a	 higher	
magnification	of	framed	areas	in	A-H.	In	the	Prrx1a:mClover	line,	the	fluorescence	intensity	is	highest	in	
the	 distal	 part	 of	 the	 fin	 bud.	 In	 the	 Prrx1b1:mClover	 lines,	 transgene	 expression	 is	 observed	 more	
proximally,	but	 the	exact	 localization	varies	between	the	three	 lines	originating	 from	different	 founder	





Both,	 Prrx1a:mClover	 and	 Prrx1b1:mClover	 reporter	 lines,	 showed	 specific	 mClover	







In	 all	 three	 Prrx1b1:mClover	 zebrafish	 lines,	 mClover	 fluorescence	 was	 found	 more	
proximally	 in	 both,	 pectoral	 and	 pelvic	 fin	 buds.	 However,	 the	 exact	 localization	 varies	
among	 the	 three	 individual	 lines.	 In	 the	 transgenic	 line	 founded	by	♂6	and	♀6	 (Fig.	27C,D	
and	Fig.	S18),	mClover	fluorescence	was	specifically	 located	 in	the	pectoral	girdle,	whereas	
the	 transgene	 expression	 level	 in	 the	 exoskeletal	 part	 of	 the	 pectoral	 fin	was	 comparably	
low.	A	similar	pattern	was	found	in	case	of	the	pelvic	fins	as	well.	Among	the	other	labelled	
fin	 structures	 were	 the	 bases	 of	 the	 dorsal,	 anal	 and	 caudal	 fin.	 Moreover,	 striking	
fluorescence	was	found	in	the	branchial	arches	and	the	swim	bladder.		
The	 Prrx1b1:mClover	 line	 originating	 from	 ♂22	 exhibits	 a	 similar	 expression	 pattern	
(Fig.	27E,F	 and	 Fig.	S19).	 However,	 differing	 from	 the	 line	 founded	 by	♂6	 and	♀6	 is	 the	
strong	 transgene	expression	 in	 the	minor	and	major	 lobe,	 similar	 to	 the	observations	 that	
were	made	in	the	Prrx1a:mClover	line.	
The	 third	 Prrx1b1:mClover	 line	 was	 founded	 by	 ♂9	 and	 ♀9	 and	 generally	 showed	







Following	 the	 preliminary	 studies	 on	 the	 functionality	 of	 the	 pelvic	 enhancers	 in	 the	
zebrafish,	the	establishment	of	the	Gal4	driver	lines	was	started.	The	same	vector	backbone	
as	 for	 the	mClover	 reporter	 plasmids	was	 used	 to	 generate	 the	pTol2_ERT2-Gal4-VP16-GI	
driver	plasmids.	To	assemble	the	first	series	of	driver	plasmids,	the	marker	gene	mClover	was	
excised	by	restriction	digest	and	replaced	by	a	gene	encoding	the	ERT2-Gal4-VP16x2	fusion	






addition	each	driver	construct	was	equipped	with	 the	α-crystallin:mRFP	 lens	marker,	 since	
otherwise	 the	 identification	 of	 transgenic	 fish	 would	 have	 been	 very	 difficult.	 Again,	
successfully	assembled	pTol2_ERT2-Gal4-VP16-GI	driver	plasmids	were	confirmed	by	Sanger	




Table	4.	 Driver	 constructs	 for	 specific	 expression	 of	 ERT2-Gal4-VP16-GI	 in	 zebrafish	 paired	 fins.	















Fig.	28	 Schematic	 representation	 of	 the	 pTol2_ERT2-Gal4-VP16-GI	 driver	 plasmid.	 A:	 In	 the	 driver	
constructs,	 the	 fin	 specific	 enhancers	 are	 located	 upstream	 of	 a	 β-actin	 basal	 promoter,	 driving	 the	
expression	of	the	reporter	gene	ERT2-Gal4-VP16x2	with	a	downstream-located	β-globin	intron	sequence.	
An	α-crystallin-promoter	connected	to	mRFP	was	added	additionally,	driving	mRFP	expression	in	the	eye	
lenses	 from	 4	dpf	 onwards	 facilitating	 identification	 of	 transgenic	 zebrafish	 larvae.	 Minimal	 Tol2	 cis	






In	 the	 first	 created	 ERT2-Gal4-VP16-GI	 zebrafish	 lines,	 the	 Pitx1	 enhancer	 Pel2.5kb	 drove	
transgene	 expression.	 Two	 individual	 lines,	 founded	 by	 the	 F0	 pairs	♂1/♀1	 and	♂6/♀4,	
were	successfully	established	(Table	4).	The	transgene	activity	was	confirmed	via	detection	
of	ERT2-Gal4-VP16	 transcripts	 by	means	 of	whole-mount	 in	 situ	 hybridisation	 (WISH).	 For	
this,	 a	 RNA	 antisense	 probe	 was	 designed	 that	 specifically	 hybridizes	 with	 the	 sequence	
























Fig.	29	 Expression	 of	 ERT2-Gal4-VP16	 in	 Pel2.5kb:ERT2-Gal4-VP16-GI	 F2	 larvae	 from	 two	 different	
founder	 pairs	 at	pelvic	 fin	developmental	 stages	between	2	-	5		 (approximately	28	dpf)	determined	by	
whole-mount	in	situ	hybridization	against	Gal4	DBD.	A-C:	founder	pair	♂1/♀1	D-F:	founder	pair	♂6/♀4.	
Framed	areas	are	shown	in	higher	magnification	in	the	middle	column	of	the	panel	(A'-F').	Specific	WISH	
staining	 is	 visible	 in	 the	pelvic	 fin	buds	of	both	driver	 lines	 in	 all	 stages	 (highlighted	by	white	 arrows).	
Additionally,	ERT2-Gal4-VP16	expression	was	detected	in	the	gills,	in	the	dorsal,	anal	and	caudal	fin	and	




























Larvae	of	 the	F2	generation	of	both	 individual	Pel2.5kb:ERT2-Gal4-VP16-GI	 lines,	exhibited	
specific	 ERT2-Gal4-VP16	 expression	 in	 the	 pelvic	 fin	 buds	 in	 all	 examined	 developmental	
stages	(Fig.	29).	The	WISH	staining	was	always	detected	in	the	fin	bud	mesenchyme,	with	an	







The	variations	 in	expression	strength	can	be	attributed	to	different	 integration	sites	 in	 the	
genome	 experiencing	 different	 influences	 from	 neighbouring	 regulatory	 sequences.	
Furthermore	varying	numbers	of	ERT2-Gal4-VP16-GI	gene	copies	could	have	been	integrated	
in	 the	 individual	 founder	 fish.	 Altogether,	 the	 results	 clearly	 demonstrate	 that	 the	
Pel2.5kb:ERT2-Gal4-VP16-GI	driver	construct	is	able	to	drive	specific	transgene	expression	in	
the	 pelvic	 fin	 region	 of	 zebrafish	 larvae.	 Crossing	 this	 driver	 line	 with	 the	 previously	
established	 5xUAS:dnRarα2a-IRES-eGFP	 effector	 line	 and	 subsequent	 treatment	 of	 the	















































In	order	 to	 investigate	 the	 transgene	expression	 in	 the	 F2	or	 F3	 generation,	WISH	against	
Gal4	 DBD	 was	 conducted	 at	 an	 age	 of	 3	-	4	wpf	 as	 it	 was	 done	 with	 the	 corresponding	











the	 best	 results	 were	 obtained	 for	 the	 Prrx1a:ERT2-Gal4-VP16-GI	 line	 founded	 by	♂9,	 in	









following	 experimental	 series	 revolved	 around	 the	 practical	 application	 of	 the	 two	 Gal4	
derivates	 KalTA4	 and	 GAVPO	 (Distel	 et	 al.,	 2009;	Wang	 et	 al.,	 2012).	 As	 explained	 in	 the	
introduction,	KalTA4	is	a	version	of	Gal4,	which	has	been	adapted	to	the	special	properties	
of	the	zebrafish	model	system,	characterized	by	an	additional	Kozak	sequence,	an	optimized	
codon	 usage	 and	 a	 lower	 toxicity.	 Its	 advantage	 should	 be	 an	 enhanced	 transgene	









achieve	 increased	 expression,	 which	 can	 be	 used	 to	 address	 diverse	 scientific	 questions	
(Cohen	&	Carmichael,	 1986;	 Infante	 et	 al.,	 2013;	Menke	 et	 al.,	 2008;	Ondek	 et	 al.,	 1987).	
Interestingly	it	seems	that	such	mechanisms	even	evolved	in	nature	as	an	ingenious	way	to	
acquire	resistance	(Hamamoto	et	al.,	2000).	Here,	constructs	were	created	that	contain	four	
tandem	 repeats	 of	 the	 Prrx1a	 or	 Prrx1b1	 limb	 enhancer	 sequences.	 They	 are	 henceforth	
referred	 to	 as	 Prrx1ax4	 and	 Prrx1b1x4,	 respectively	 (ordered	 from	 eurofins.com	 and	
ProteoGenix).	These	were	used	in	the	same	way	as	their	single-copy	counterparts.	First,	the	
fragments	were	excised	from	the	vectors	supplied	by	the	manufacturer	and	then	cloned	into	






GI	 consisting	 of	 the	KalTA4	 gene	 sequence	 in	 combination	with	 a	 downstream-located	β-




Table	5.	 Driver	 constructs	 for	 specific	 expression	 of	KalTA4-GI	 or	KalTA4-ERT2-GI	 in	 zebrafish	 paired	














First	 of	 all,	 the	 general	 functionality	 of	 KalTA4	 in	 combination	 with	 the	 available	 5xUAS	
effector	 lines	has	been	 tested.	The	KalTA4-GI	 containing	plasmid	p300	 (Distel	et	al.,	2009)	
was	 linearized	 and	 used	 for	 in	 vitro	 transcription	 of	 KalTA4-GI	 mRNA,	 which	 was	
subsequently	injected	in	zebrafish	eggs	(one-cell	stage)	that	were	obtained	from	an	outcross	
of	 the	 5xUAS:Cyp26a1-eGFP	 strain	 (see	 2.3.1.1;	 and	 Eberlein,	 2018a,	 2018b)	 with	Casper.	
Tessellated	eGFP	 fluorescence	was	observed	at	24	hpf	 (Fig.	31D),	which	was	 similar	 to	 the	
observations	following	injections	of	ERT2-Gal4-VP16	mRNA	(Fig.	20D),	indicating	that	KalTA4	
is	able	to	activate	5xUAS	equally	effective	as	the	corresponding	Gal4	variant	(Mück,	2019).	
Afterwards,	 a	 universally	 applicable	 driver	 plasmid	 containing	 KalTA4-GI	 was	 created.	 For	
this,	 the	 KalTA4-GI	 gene	 sequence	 was	 placed	 downstream	 of	 the	 heat-shock	 promoter	
Hsp70l,	 which	 was	 taken	 from	 the	 Hsp70l:Cyp26a1	 vector	 (p22B,	 Nicola	 Blum).	 Both	
fragments	were	PCR-amplified,	with	recognition	sites	for	DNA	endonucleases	added	at	the	5'	
and	3'	ends	of	 the	PCR	product	at	 the	same	 time.	The	pTol2_enhancer:ERT2-Gal4-VP16-GI	
driver	plasmids	 (Fig.	28)	were	used	as	backbone.	During	 the	 cloning	procedure,	 the	entire	
enhancer:ERT2-Gal4-VP16-GI	 cassette	 was	 excised	 while	 leaving	 the	 α-crystallin:mRFP	
marker	gene	in	place.	In	the	end,	this	resulted	in	the	assembly	of	the	pTol2_Hsp70l:KalTA4-
GI	driver	plasmid,	schematically	presented	in	Fig.	31A	(Ng,	2019).	To	test	the	functionality	of	
this	 construct,	 the	 plasmid	 was	 injected	 in	 the	 one-cell	 stage	 of	 zebrafish	 eggs	 obtained	
either	 from	 an	 incross	 of	UAS:GFP	 fish	 or	 from	 an	 outcross	 of	 the	 5xUAS:Cyp26a1-eGFP	
strain	with	Casper.	At	50	%	epiboly,	a	single	heat-shock	treatment	was	performed	at	40	°C	
for	 2	h.	 This	 resulted	 in	 intense	 GFP/eGFP	 fluorescence	 at	 24	hpf	 in	 both,	 UAS:GFP	 and	
5xUAS:Cyp26a1-eGFP	 embryos	 (Fig.	31I,J).	 In	 case	 of	 5xUAS:Cyp26a1-eGFP	 embryos	 the	
distribution	 of	 the	 fluorescence	 was	 in	 a	 mosaic	 pattern,	 whereas	 UAS:GFP	 embryos	
exhibited	a	more	even	patterning.	To	exclude	intrinsic	GFP	fluorescence,	a	control	group	was	
heat-shocked	 without	 previous	 plasmid	 injection	 (Fig.	31H)	 (Ng,	 2019).	 Injections	 of	 p22B	
served	as	a	positive	control,	however,	heat-shock-induced	Cyp26a1	overexpression	had	fatal	
effects	on	the	embryos	(data	not	shown)	(Ng,	2019).	These	experiments	demonstrated	that	
the	 heat-shock	 treatment	was	 able	 to	 induce	KalTA4	 expression.	 KalTA4	 in	 turn	 bound	 to	






Fig.	31	 KalTA4	 induces	 transgene	 expression	 in	 UAS	 effector	 lines.	 A/B:	 Schematic	 representations	 of	
driver	plasmids	containing	either	KalTA4	with	a	downstream	located	β-globin	intron	sequence	(KalTA4-GI)	
under	the	control	of	the	Hsp70l	promoter	(A)	or	under	the	control	of	different	fin	specific	enhancers	(B).	
The	 marker	 gene	 α-crystallin:mRFP	 facilitates	 the	 identification	 of	 transgenic	 zebrafish	 by	 driving	 the	
expression	of	 red	 fluorescent	protein	 in	 the	eye	 lenses.	C/D:	KalTa4-GI	mRNA	(30	ng/µl)	was	 injected	 in	
zebrafish	 eggs	 of	 the	 5xUAS:Cyp26a1-eGFP	 strain	 at	 the	 one-cell	 stage.	 At	 24	hpf	 eGFP	 fluorescence	 is	
visible	 throughout	 the	 entire	 body.	 E-J:	 Zebrafish	 eggs	 of	 the	 strains	UAS:GFP	 or	 5xUAS:Cyp26a1-eGFP	
were	 injected	 with	 pTol2_Hsp70l:KalTA4-GI	 (40	ng/µl)	 at	 the	 one-cell	 stage.	 The	 heat-shock	 was	
performed	at	40	°C	for	2	h	at	50	%	epiboly.	Uninjected	embryos	were	used	as	control	to	exclude	intrinsic	
fluorescence	 of	 the	 UAS:GFP	 strain.	 At	 24	hpf,	 intense	 GFP	 fluorescence	 was	 observed	 in	 UAS:GFP	
embryos	 (I),	 while	 5xUAS:Cyp26a1-eGFP	 embryos	 showed	 a	 more	 tessellated	 eGFP	 fluorescence	 (J,	
arrowheads).	Scale	bar:	500	µm.	K/L:	KalTA4	is	expressed	under	the	control	of	fin	specific	enhancers.	The	
driver	plasmid	pTol2_Prrx1b1:KalTA4-GI_α-crystallin:mRFP	 (B)	was	 injected	(40	ng/µl)	 together	with	Tol2	
mRNA	(30	ng/µl)	 in	zebrafish	eggs	of	the	Casper	strain	at	the	one-cell	stage.	WISH	against	KalTA4	mRNA	



















































of	KalTA4	 transcripts	was	carried	out	via	whole-mount	 in	 situ	hybridisation	 (WISH)	using	a	
specific	 KalTA4	 antisense	 probe	 (Table	15).	 This	 revealed	 a	 local	 concentration	 of	 WISH	
staining	 in	 the	 pectoral	 fin	 buds	 at	 48	hpf,	 while	 uninjected	 embryos	 were	 completely	
colourless,	 confirming	 the	 tissue	 specificity	 of	 the	 enhancer	 mediated	 KalTA4	 expression	
(Fig.	31K,L)	(Mück,	2019).		
Next,	 the	 tamoxifen-inducible	 version	 of	 KalTA4	 was	 tested.	 First,	 in	 vitro	 transcribed	
KalTA4-ERT2-GI	 mRNA	 was	 produced	 from	 the	 vector	 p431	 (Kajita	 et	 al.,	 2014).	
Subsequently	it	was	injected	in	zebrafish	eggs	at	the	one-cell	stage,	that	were	obtained	from	
an	 incross	 of	 the	5xUAS:dnRarα2a-IRES-eGFP	 strain	 (from	 founder	 fish	♂10	 and	♂13;	 see	
2.3.1.2	and	Schmidt,	 2017).	At	50	%	epiboly,	KalTA4-ERT2	activity	was	 induced	by	 treating	
the	larvae	with	5	µM	4-OHT.	Control	groups	were	supplied	with	equivalent	amounts	of	pure	
EtOH.	 At	 24	hpf,	 only	 induced	 embryos	 exhibited	 intense	 eGFP	 fluorescence	 that	 was	
predominantly	 distributed	 in	 the	 head	 and	 trunk	 as	 well	 as	 in	 the	 yolk	 (Fig.	32E-G).	
Moreover,	larvae	showed	a	bulge	in	the	'neck'	(Fig.	32C,D),	which	is	a	typical	characteristic	of	
the	Aldh1a2	mutant	neckless	and	indicates	RA	deficiency	(Begemann	et	al.,	2001),	which	is	in	
this	 case	 mediated	 by	 dnRarα2a	 activity.	 In	 addition,	 WISH	 against	 Epha4a	 and	 MyoD	
revealed	 a	 shortening	 of	 the	 anteriorposterior	 axis,	 resulting	 in	 an	 approaching	 of	 the	
rhombomere	 5	 to	 the	 first	 somite.	 In	 some	 individuals,	 even	 a	 partly	 disappearance	 of	
rhombomere	5	was	documented	(Fig.	32H-J),	pointing	to	an	effective	suppression	of	the	RA	
signalling	pathway	(Ng,	2019).		
Since	 these	 experiments	 confirmed	 the	 functionality	 of	KalTA4-ERT2-GI	 with	 regard	 to	 its	
inducibility	with	4-OHT	and	also	its	compatibility	with	the	established	5xUAS	effector	 lines,	
new	 driver	 plasmids	 were	 cloned	 that	 contained	 this	 particular	 gene	 construct.	 For	 this	









Fig.	32	 KalTA4-ERT2	 induces	 transgene	 expression	 in	UAS	 effector	 lines.	A:	Driver	plasmid	containing	
KalTA4-ERT2-GI,	 a	 fusion	 construct	 of	 the	 Gal4-derived	 gene	 KalTA4	 and	 an	 estrogen	 ligand-binding	
domain	 requiring	 4-hydroxy-tamoxifen	 for	 activity,	 driven	 by	 different	 fin	 specific	 enhancers	 that	 are	
present	 either	 in	 a	 single	 copy	 (Prrx1a/Prrx1b1/Pel2.5kb)	 or	 in	 four	 tandem	 repeats	
(Prrx1ax4/Prrx1b1x4).	B-G:	 KalTA4-ERT2	 induces	 transgene	 expression	 in	5xUAS	 effector	 lines.	KalTA4-
ERT2-GI	mRNA	(40	ng/µl)	was	injected	in	5xUAS:dnRarα2a-IRES-eGFP	F3	zygotes	of	founder	fish	♂10	and	
♂13	and	subsequently	treated	with	5	µM	4-OHT	or	EtOH	(control)	at	50%	epiboly.	At	24	hpf	only	induced	
embryos	 show	 the	 characteristic	 bulge	 in	 the	 'neck'	 of	 the	 RA-deficiency	 phenotype	 (highlighted	with	
arrows)	(C/D).	eGFP	fluorescence	 is	visible	 in	these	embryos	throughout	the	whole	body	(F/G).	Whole-
mount	in	situ	hybridisation	(WISH)	against	Epha4a	and	MyoD	shows	a	truncation	of	the	anteroposterior	

































In	 the	 next	 project,	 the	 light-inducible	 Gal4	 derivate	 GAVPO	 was	 investigated	 (Fig.	33A).	
Again,	 an	 universal	 driver	 plasmid	 was	 cloned	 first,	 which	 contained	 GAVPO	 under	 the	
control	of	 the	ubiquitously	expressed	ubiquitin	promoter	 (ubi)	 (Mosimann	et	al.,	2011).	As	
backbone,	one	of	the	'zero	background'	Tol2	plasmids	designed	by	David	Richter	(University	
of	Bayreuth)	was	used,	the	one	possessing	the	α-crystallin:Citrine	marker	gene	(Fig.	S15A).	In	
addition	 to	 the	 toxic	 ccdB	 gene	 (Couturier	 et	 al.,	 1998),	 the	 4xnrUAS	 sequences	 were	
removed	 as	 well	 in	 this	 case.	 The	 two	 fragments	 to	 be	 inserted	 -	 the	 ubi	 promoter	 and	
GAVPO	-	were	PCR-amplified	 from	the	vectors	pENTR5'_ubi	 (p334;	Mosimann	et	al.,	2011)	
and	pGAVPO	 (p427;	Wang	et	al.,	 2012),	 respectively,	 and	 ligated	with	 the	 linearized	pTol2	
backbone	by	means	of	Gibson	Assembly	to	obtain	pTol2_ubi:GAVPO	(Fig.	33B).		
In	 order	 to	 test	 whether	 GAVPO	 is	 working	 in	 combination	 with	 the	 4xnrUAS	 effector	
constructs,	 the	driver	plasmid	pTol2_ubi:GAVPO	was	 co-injected	with	 the	effector	plasmid	
pTol2_4xnrUAS:dnRarα2a-IRES-eGFP	 (Schmidt,	2017)	 (each	12,5	ng/µl)	 in	 zebrafish	eggs	of	
the	Casper	strain	at	the	one-cell	stage.	At	50	%	epiboly,	the	embryos	were	illuminated	with	
blue	 LED	 light	 until	 24	hpf	 under	 the	 exclusion	 of	 further	 external	 light	 exposure	 (Mayer,	




gene	 expression.	 It	 also	 demonstrates	 the	 blue-light	 inducibility	 and	 the	 low	 background	
activity	of	GAVPO,	 since	 the	control	groups	 that	were	kept	 in	 the	dark	barely	 showed	any	
transgene	expression.	In	most	eGFP	expressing	embryos,	the	fluorescence	was	found	in	the	
yolk	 (Fig.	33H),	 however,	 some	 also	 exhibited	 expression	 in	 distinct	 body	 cells	 (Fig.	33I)	
(Mayer,	2020).	Apart	from	eGFP	fluorescence,	many	embryos	showed	several	malformations	
like	 a	 shortened	 tail	 or	 reduced	 eyes,	 but	 did	 not	 represent	 the	 RA	 deficiency	 phenotype	
known	 from	 the	 nls	 mutant	 (Begemann	 et	 al.,	 2001).	 This	 is	 in	 conformity	 with	 the	
expectations,	 since	 plasmid	 injections	 always	 results	 only	 in	 mosaic	 expression	 of	 the	
transgene,	 which	 means	 that	 no	 holistic	 effect	 can	 be	 achieved	 in	 the	 entire	 embryo.	
However,	 the	 observed	 side	 effects	 indicate	 that	 GAVPO	 seems	 to	 be	 quite	 toxic	 to	 the	








Gal4-derived	 construct	 GAVPO,	 consisting	 of	 the	 Gal4	 DNA	 binding	 domain	 (DBD),	 the	 smallest	 light-
oxygen-voltage	 (LOV)	 domain	 Vivid	 (VVD)	 and	 the	 p65	 transactivation	 domain	 (AD).	 B:	 Driver	 plasmid	
containing	GAVPO	under	the	control	of	the	ubi	promoter.	C:	Driver	plasmid	containing	GAVPO	driven	by	
different	 fin	 specific	 enhancers,	 either	 present	 in	 a	 single	 copy	 (Prrx1a/Prrx1b1/Pel2.5kb)	 or	 in	 four	
tandem	repeats	(Prrx1ax4/Prrx1b1x4).	The	marker	genes	α-crystallin:Citrine	or	α-crystallin:mRFP	facilitate	
the	 identification	 of	 transgenic	 zebrafish.	 D-I:	 GAVPO	 is	 able	 to	 bind	 to	 4xnrUAS	 and	 initiate	 gene	
expression	 upon	 blue-light	 activation.	 Zebrafish	 eggs	 of	 the	 Casper	 strain	 were	 co-injected	 with	
pTol2_ubi:GAVPO	 and	 pTol2_4xnrUAS:dnRarα2a-IRES-eGFP	 (12,5	ng/µl	 each)	 at	 the	 one-cell	 stage	 and	
illuminated	 with	 blue	 LED	 light	 from	 50	%	 epiboly	 onwards.	 eGFP	 fluorescence	 was	 observed	 almost	
exclusively	in	embryos	that	were	exposed	to	blue-light,	mostly	located	in	the	yolk	(H),	but	also	in	distinct	
body	 cells	 (I)	 (arrowheads).	 Embryos	 are	 shown	 in	 lateral	 view	with	 anterior	 to	 the	 left.	 J-M:	GAVPO	 is	
expressed	 under	 the	 control	 of	 fin	 specific	 enhancers.	 Driver	 plasmids	 containing	 GAVPO	 and	 either	
Prrx1a,	Prrx1ax4,	Prrx1b1,	or	Prrx1b1x4	enhancer	(C)	were	co-injected	with	Tol2	mRNA	(40	ng/µl	each)	in	
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Based	 on	 these	 results,	 driver	 plasmids	 that	 contain	GAVPO	 under	 the	 control	 of	 the	 five	
available	 fin	 specific	 enhancers	 -	Pel2.5kb,	Prrx1a,	Prrx1b1,	Prrx1ax4	and	Prrx1b1x4	-	were	
cloned	and	tested	for	activity	and	tissue	specific	expression	(Table	6;	Fig.	33J-M).	The	cloning	
process	 was	 started	 on	 the	 basis	 of	 the	 pTol2_enhancer:KalTA4-ERT2-GI	 driver	 plasmids	
(Table	5;	Fig.	32A),	from	which	the	KalTA4-ERT2-GI	fragment	was	excised	and	replaced	with	
GAVPO.	DNA	assembly	was	carried	out	by	means	of	Gibson	Assembly	(Mayer,	2020).	
Then,	 the	 fin	 specific	 expression	of	GAVPO	 under	 the	 control	 of	 the	 respective	 enhancers	
was	 assayed.	 In	parallel,	 an	evaluation	of	 the	effectiveness	of	 the	 four	 tandem	 repeats	of	
Prrx1a	 and	 Prrx1b1	 took	 place.	 For	 this,	 each	 of	 the	 driver	 plasmids	 with	 the	 enhancers	
Prrx1a	 and	 Prrx1ax4	 as	 well	 as	 Prrx1b1	 and	 Prrx1b1x4	 was	 co-injected	 with	 Tol2	 mRNA	
(40	ng/µl	each)	in	the	one-cell	stage	of	zebrafish	eggs	of	the	Casper	strain.	The	detection	of	
GAVPO	 transcripts	 took	place	via	whole-mount	 in	situ	hybridisation	 (WISH)	using	a	GAVPO	
specific	 RNA	 antisense	 probe	 (Table	15)	 (Mayer,	 2020).	 It	 was	 found	 that	 all	 four	 driver	
constructs	 mediated	 pectoral	 fin	 specific	 GAVPO	 expression	 at	 48	hpf	 (Fig.	33J-M).	 The	
intensity	 of	 WISH	 staining	 was	 significantly	 stronger	 following	 injections	 of	 Prrx1b1	 and	
Prrx1b1x4	driver	plasmids	compared	to	Prrx1a	and	Prrx1ax4.	This	was	not	observed	in	earlier	
expression	studies	 in	which	ERT2-Gal4-VP16	 transcripts	have	been	detected	(Fig.	30,	 insets	
in	 A''	and	E'').	 Also	 the	 expression	 level	 of	 Prrx1a	 and	 Prrx1b	 itself	 was	 found	 to	 be	
approximately	 the	 same	 previously	 (Fig.	13)	 (Eberlein,	 2018a).	 Therefore	 the	 observed	













effector	 lines	 and	 the	 subsequent	 induction	 of	 UAS-mediated	 transgene	 expression	 to	
achieve	spatially	restricted	manipulation	of	RA	signalling.	Several	crossings	were	conducted	




driver	 lines	 and	 5xUAS	 effector	 lines	 that	 were	 established	 in	 the	 course	 of	 this	 study	 and	 are	 now	








line	 were	 grown	 to	 24	hpf	 and	 then	 treated	 with	 5	µM	 4-OHT.	 As	 these	 enhancers	 are	








The	 only	 exception	 were	 the	 embryos	 obtained	 from	 the	 crossing	 of	 the	 driver	 line	
Prrx1a:ERT2-Gal4-VP16-GI	 (from	 founder	 ♂9)	 with	 the	 effector	 lines	 UAS:GFP	 or	
5xUAS:Cyp26a1-eGFP	 (founder	 pair	♂8/♀8).	 In	 the	 progeny,	 pronounced	GFP/eGFP	 signal	





fins	 could	 be	 observed	 at	 5	dpf	 in	UAS:GFP	 embryos	 concentrating	 in	 few	 defined	 stripes	
(Fig.	 34C,	 arrowhead).	 Since	 the	 observed	 fluorescence	 never	 occurred	 in	 EtOH-treated	
control	embryos,	an	intrinsic	GFP	signal	can	be	excluded,	which	shows	that	the	induction	is	
dependent	on	4-OHT	(data	not	shown).		




UAS	 system.	 The	 embryos	 of	 this	 clutch	 were	 subsequently	 sorted	 by	 fluorescence	 and	
subjected	 to	 a	 WISH	 using	 the	 RNA	 antisense	 probe	 detecting	 the	 Gal4	 DBD	 sequence	










4-OHT-induction,	eGFP	 fluorescence	was	detected	 in	a	 stripe	pattern	 in	 the	 trunk	and	 tail	 at	48	hpf	 in	
about	20	%	of	the	embryos	(D).	Embryos	were	sorted	in	eGFP-positive	ones	(eGFP+)	and	eGFP-negative	
ones	 (eGFP-).	Whole-mount	 in	 situ	 hybridisation	 against	Gal4	DBD	 shows	 specific	 expression	 of	ERT2-

























These	 results	 raised	 the	question	why	 the	 location	of	ERT2-Gal4-VP16	 expression	deviates	
from	the	location	of	eGFP	fluorescence	originating	from	the	Cyp26a1-eGFP	fusion	protein.	It	
is	 certain	 that	 the	 Prrx1a	 driver	 line	 expresses	 ERT2-Gal4-VP16	 in	 the	 expected	 tissue	
(Fig.	30;	Fig.	34E,F),	which	is	the	mesenchyme	of	the	pectoral	fin	bud.	It	 is	also	certain	that	
the	presence	of	GFP/eGFP	fluorescence	is	dependent	on	the	treatment	with	4-OHT.	In	order	
to	 clarify	 a	 potential	 translocation	 of	 the	 ERT2-Gal4-VP16	 protein	 after	 its	 translation,	
fluorescence	immunostaining	was	performed	with	a	primary	antibody	that	binds	to	the	Gal4	






or	 5	µM	 4-OHT	 at	 an	 age	 of	 3	-	4	wpf,	 at	 the	 point	 when	 pelvic	 fins	 begin	 to	 develop.	
However,	 concentrations	 of	 5	 and	 3	µM	 caused	 severe	 side	 effects	 in	 larvae	 of	 this	 age,	
although	 they	 were	 well	 tolerated	 in	 embryos	 and	 larvae	 up	 to	 5	dpf.	 The	 side	 effects	
included	 rapid	 breathing	 and	 degeneration	 of	 fins	 and	 gills	 (data	 not	 shown).	 The	
experiments	were	therefore	henceforth	performed	with	2	µM	4-OHT,	which	did	not	seem	to	
be	toxic	to	the	animals.	However,	also	in	the	offspring	from	crossing	the	Pel2.5kb	driver	line	
with	 one	 of	 the	 effector	 lines,	 no	 UAS-mediated	 transgene	 expression	 could	 be	 initiated	
(data	not	shown).	
Altogether,	 this	brings	about	 the	hypothesis	 that	 there	 is	any	basic	methodical	problem	 in	
the	Gal4-UAS	system	as	it	was	established	here.	However,	more	testing	is	needed	to	uncover	














was	 to	 circumvent	 the	 binary	 system	 and	 combine	 driver	 and	 effector	 in	 one	 single	
construct.	Accordingly,	new	fusion	constructs	have	been	designed,	 in	which	dnRarα2a	and	
ERT2	 were	 directly	 linked	 to	 each	 other.	 In	 two	 different	 variants,	 ERT2	 was	 positioned	
either	 at	 the	 3'	 or	 5'	 end	 of	 dnRarα2a	 (Fig.	35A,B),	 since	 both	 positions	 proved	 to	 be	
functional,	for	example	in	ERT2-Gal4	or	KalTA4-ERT2	constructs	(Akerberg	et	al.,	2014;	Distel	
et	al.,	2009;	Gerety	et	al.,	2013;	Kajita	et	al.,	2014).	
The	pTol2	vector	 (p365)	was	used	as	backbone	again.	 Its	minimal	Tol2	cis	 sequences	 flank	
the	 insert	 and	 enable	 the	 integration	of	 the	 transgene	 into	 the	 zebrafish	 genome	by	 Tol2	
transposase	 activity.	 In	 the	 first	 design,	dnRarα2a/ERT2	 fusion	 constructs	were	 put	 under	
the	 control	 of	 the	 Prrx1ax4	 enhancer	 consisting	 of	 four	 consecutive	 repeats.	 Additionally,	
they	were	linked	to	mRFP	via	an	IRES	sequence.	Based	on	this	arrangement,	the	expression	
of	mRFP	should	take	place	completely	independently	of	induction	with	4-OHT,	thus	avoiding	




5	µM	4-OHT	or	 EtOH	as	 control.	 At	 48	hpf,	 induced	embryos	 injected	with	 the	dnRarα2a-
ERT2	construct	showed	a	mild	growth	retardation	indicated	by	reduced	body	length	and	eye	
pigmentation.	 Additionally	 a	 reduction	 of	 the	 pectoral	 fin	 size	 could	 be	 observed	
(Fig.	35C,D).	This	phenotype	became	more	evident	at	72	hpf	(Fig.	35E,F).	In	contrast	to	that,	
induced	embryos	injected	with	the	ERT2-dnRarα2a	plasmid	showed	severe	malformations	at	
48	hpf.	 Pectoral	 fins	were	 partially	 or	 completely	 reduced	 and	 some	 embryos	 exhibited	 a	
bulge	 in	 the	 neck,	 resembling	 the	 RA-deficiency	 phenotype	 observed	 in	 the	 nls	 mutant	
(Begemann	 et	 al.,	 2001)	 (Fig.	35H).	 However,	 also	 control	 embryos	were	 affected,	 though	
not	as	 severe	 (Fig.	35G).	Neither	 control	nor	4-OHT-treated	embryos	 survived	until	72	hpf,	







Fig.	35	Local	expression	of	 fusion	constructs	of	dnRarα2a	and	ERT2	 result	 in	developmental	defects	of	
zebrafish	embryos.	A,B:	Schematic	representations	of	two	constructs	of	ERT2	linked	to	dnRarα2a	either	at	




driving	 transgene	 expression	 in	 both,	 pectoral	 and	 pelvic	 fins.	 C-H:	 The	 plasmids	 pTol2_Prrx1ax4:	
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Such	 pronounced	 developmental	 defects	 were	 not	 expected	 from	 injecting	 a	 dnRarα2a	
construct	controlled	by	the	fin	specific	Prrx1a	enhancer.	One	possible	explanation	would	be	
that	 the	 Prrx1ax4	 construct	 does	 not	 work	 as	 expected	 or	 its	 tissue	 specificity	 is	 lost,	
however,	 the	 conducted	 expression	 studies	 in	 the	 course	 of	 the	GAVPO	 test	 series	 refute	
this	 theory	 (see	Fig.	33J,K).	Moreover,	no	mRFP	 fluorescence	was	observed	 in	 the	pectoral	
fins	of	 the	 injected	embryos,	which	 should	 in	principle	occur	 independently	of	 the	4-OHT-
induction	 (Fig.	 35C'-H').	Most	 likely	 the	mRFP	 fluorescence	was	 too	weak	 to	 be	 detected.	
This	 is	 due	 to	 the	 mosaic	 expression	 as	 a	 result	 of	 the	 injection	 process	 and	 to	 the	
comparably	low	intensity	of	mRFP	fluorescence	(Wan	et	al.,	2002).		
Based	on	these	results,	mRNAs	of	the	dnRarα2a-ERT2	and	ERT2-dnRarα2a	constructs	were	
synthesized	 in	 vitro.	 The	 objective	was	 to	 analyse	 the	 phenotype	 of	 the	 fusion	 constructs	
independently	of	the	spatial	restrictions	originating	from	the	Prrx1ax4	enhancer	activity.	The	
mRNA	was	 injected	 in	fertilized	zebrafish	eggs	of	the	Casper	strain	with	subsequent	4-OHT	
treatments	 (partially	 performed	 by	 Lina	 Stacker).	 Maximal	 mRNA	 concentrations	 of	
200	ng/µl	 (for	 dnRAarα2a-ERT2)	 and	 586	ng/µl	 (for	 ERT2-dnRarα2a)	 were	 used.	 However,	
this	did	not	result	in	any	phenotype	at	24	or	48	hpf	(data	not	shown).	Probably	the	mRNAs	
were	inactive	or	even	higher	concentrations	would	be	required	to	achieve	an	effect.	
Further	 experiments	 therefore	 focused	 on	 the	 creation	 of	 a	 plasmid	 containing	 the	
dnRarα2a-ERT2	 construct	 under	 the	 control	 of	 the	 ubiquitously	 expressed	 ubi	 promoter	
(Fig.	36A).	This	should	achieve	an	evenly	distribution	of	the	transgene	expression	in	injected	
embryos.	 Because	 of	 its	 significant	 background	 activity,	 the	ERT2-dnRarα2a	 construct	was	
not	used	any	further.	This	new	pTol2_ubi	vector,	whose	backbone	was	based	on	the	'zero-
background'	 Tol2	 vectors	 by	 David	 Richter	 (Fig.	S15B),	 was	 assembled	 from	 five	 single	
fragments	 by	 means	 of	 Gibson	 Assembly.	 In	 this	 course,	 recognition	 sites	 for	 DNA	
endonucleases	were	added	between	every	component	to	simplify	future	cloning	strategies.	
Injections	of	this	plasmid	(20	ng/µl)	were	performed	in	fertilized	zebrafish	eggs	of	the	Casper	
strain	 at	 the	 one-cell	 stage.	 Subsequent	 treatment	 with	 5	µM	 4-OHT	 or	 an	 equivalent	
amount	of	EtOH	 (control)	 resulted	 in	pronounced	malformation	of	 the	embryos	at	24	and	
48	hpf	 (Fig.	36B-M).	 The	 percentage	 of	 malformed	 embryos	 was	 always	 higher	 in	 4-OHT	
treated	groups	compared	to	control	groups,	 indicating	an	 inducibility	of	 the	 fusion	protein	









A	 sequence	 encoding	 a	 4-amino	 acid	 linker	 peptide	 is	 located	 between	 both	 genes	 to	 separate	 the	
components	of	the	fusion	protein.	The	red	fluorescent	marker	mRFP	is	connected	to	this	construct	via	an	
IRES	 sequence,	 creating	 two	 reading	 frames.	 This	 cassette	 is	 under	 the	 control	 of	 the	 ubi	 promoter.	
Specific	 recognition	 sites	 for	 DNA	 endonucleases	 simplify	 further	 cloning	 strategies.	B-M:	 The	 plasmid	
pTol2_ubi:dnRarα2a-ERT2-IRES-mRFP	 (20	 ng/µl)	 was	 injected	 in	 zebrafish	 eggs	 and	 those	 treated	 with	
5	µM	4-OHT	or	EtOH	(control)	at	30	%	epiboly.	The	observation	took	place	at	24	 (B-G)	or	48	hpf	 (H-M),	
respectively.	Meaning	of	the	numbers:	malformed	embryos	/	mRFP+	embryos	/	total	number	of	embryos.	
In	EtOH	control,	about	one	 third	of	 the	mRFP+	embryos	showed	malformations	at	24	and	48	hpf	 (7/20	
and	4/13,	respectively).	In	4-OHT	groups	more	than	80	%	of	mRFP+	embryos	were	malformed	(15/17	and	
9/11,	 respectively).	 Red	 fluorescence	 was	 visible	 independently	 of	 4-OHT	 treatments.	 It	 was	 located	
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These	 phenotypes	 have	 often	 been	 observed	 after	 DNA	 or	 RNA	 injections	 (see	 Fig.	23;	
Fig.	S12).	 However,	 since	 they	 occurred	 in	 some	 cases	 independently	 of	 dnRarα2a,	 they	
might	 represent	 a	 toxic	 effect	 rather	 than	 a	 specific	 phenotype	 connected	 with	 the	
manipulation	of	the	RA	pathway.	Concerning	the	eye	defects,	several	different	phenotypes	
have	 been	 observed	 with	 varying	 frequencies:	 the	 reduction	 of	 one	 or	 both	 eyes,	 the	









performed,	 detecting	 transcripts	 of	 the	 genes	 Pax6a,	 Pax2a,	 Six3	 and	 Shh	 due	 to	 their	
central	 role	 in	 zebrafish	 eye	 development	 (Ando	 et	 al.,	 2005;	 Glass	 &	 Dahm,	 2004;	
Macdonald	&	Wilson,	1997;	Moosajee	et	al.,	 2008;	 Samuel	et	al.,	 2016;	 Sinn	&	Wittbrodt,	
2013;	Stenkamp,	2015),	as	well	as	Cyp26a1	as	part	of	the	RA	pathway	(Niederreither	&	Dollé,	
2008;	 Rhinn	 &	 Dollé,	 2012).	 For	 each	 of	 the	 investigated	 genes,	 WISH	 staining	 revealed	
frequently	occurring	shifts	in	the	location	of	the	gene	expression	domain	or	the	appearance	
of	 an	 asymmetrical	 expression	 pattern	 compared	 to	 the	 control.	 This	 was	 observable	
throughout	 all	 developmental	 stages	 (Bule,	 2019)	 (data	 not	 shown).	 A	 precise	 connection	
between	dnRarα2a	activity,	the	observed	changes	in	the	respective	gene	expression	pattern	
and	the	resulting	eye	malformations	could,	however,	not	be	derived	from	this.		
Altogether,	 based	 on	 the	 performed	 experiments,	 the	 functionality	 of	 the	 dnRarα2a/ERT2	















mice	 leading	 to	 severe	 impairments	 of	 the	mouse	 embryos	 that	 are	mostly	 affecting	 the	
hindlimbs,	 jaw	 and	 pituitary	 gland,	 which	 ultimately	 led	 to	 the	 lethality	 of	 the	 newborns	
(Lanctôt	 et	 al.,	 1999;	 Szeto	 et	 al.,	 1999).	 It	 was	 therefore	 of	 great	 interest	 to	 generate	 a	






(Doench	 et	 al.,	 2016,	 2014;	 Moreno-Mateos	 et	 al.,	 2015;	 Xu	 et	 al.,	 2015).	 To	 synthesize	
sgRNAs	 a	 cloning-free	method	was	used	 in	 this	 case	 for	 practical	 and	 time-saving	 reasons	
(Gagnon	et	al.,	2014;	Varshney	et	al.,	2016).	In	this	process	an	sgRNA	template	with	a	length	
of	 117	 basepairs	 (bp)	 was	 assembled	 and	 directly	 used	 for	 in	 vitro	 transcription.	 It	 was	
composed	of	a	17-nucleotide	(nt)	T7	promoter,	a	20-nt	target	sequence	and	a	80-nt	sgRNA	
scaffold	 (Table	 16),	 whereby	 the	 target	 sequence	 mediates	 the	 gene	 specifity	 while	 the	
universal	scaffold	sequence	is	necessary	for	Cas9	recruitment.	The	CHOPCHOP	webtool	was	
used	 for	 searching	 appropriate	 targets	 (Labun	 et	 al.,	 2016).	 The	 initial	 settings	 of	 this	
program	were	set	in	a	way	to	find	targets	with	a	protospacer	adjacent	motif	(PAM)	being	3'	
NGG	 (Fig.	37A).	 Moreover,	 in	 terms	 of	 efficiency	 score	 and	 self-complementarity,	 the	
guidelines	of	Moreno-Mateos	et	al.,	2015	and	Thyme	et	al.,	2016	were	followed.	To	enable	
in	 vitro	 transcription	 of	 sgRNAs	 using	 T7	 polymerase,	 the	 two	 bases	 at	 the	 5'	 end	 of	 the	
target	 sequence	 were	 adjusted	 to	 GG	 if	 necessary.	 The	 online	 tool	 Cas-OFFinder	 was	
consulted	to	elucidate	potential	off	targets	(Bae	et	al.,	2014).		
Established	 protocols	 for	 CRISPR/Cas9	 genome	 editing	 suggest	 selecting	 target	 sequences	
that	 target	 either	 early	 exons	 or	 particularly	 conserved	 genomic	 regions	 that	 encode	
important	 protein	 domains.	 Moreover,	 it	 is	 recommended	 to	 select	 a	 target	 region	 that	














they	 eventually	 result	 in	 the	 same	 protein	 consisting	 of	 285	 amino	 acids	 (aa).	 The	 Pitx1	
variant	 201	 is	 translated	 beginning	 from	 an	 alternative	 start	 codon	 and	 is	 therefore	 4	aa	




Fig.	37	Pitx1	gene	 topology	and	 sgRNA	design	 for	a	Pitx1	 knockout.	Pitx1	contains	four	exons	 (A)	 that	
produce	 three	Pitx1	 splice	variants	 (201,	202,	203)	 (B,C).	 Two	sgRNAs	 (T19,	T50)	 target	 the	exon	2	 just	
past	the	transcriptional	start	site.	The	third	sgRNA	(T5)	targets	exon	3	including	the	conserved	homeobox	
domain.	A:	 3'	NGG	PAM	sequences	 are	highlighted	 in	 red.	Arrowheads	mark	 the	Cas9	 restriction	 sites.	
Blue-labelled	 nucleotides	 at	 the	 5'	 end	 were	 exchanged	 to	 GG	 to	 fit	 the	 requirements	 of	 the	 T7	





































Following	 the	 above-mentioned	 recommendations,	 three	 sgRNAs	 were	 selected	 (Borrero	
Malo,	2018;	Stacker,	2018).	Of	these,	two	sgRNAs	(T19,	T50)	target	the	exon	2	shortly	after	
the	 transcriptional	 start	 site.	 At	 this	 site,	 CRISPR/Cas9-induced	 indel	mutations	 potentially	
cause	 a	 frameshift	 that	will	 affect	 almost	 the	 entire	 protein	 sequence.	 The	 third	 selected	
sgRNA	 (T5)	 targets	 the	 3'	 part	 of	 exon	3	 including	 the	 conserved	 homeobox	 domain.	 This	
sgRNA	as	 part	 of	 the	CRISPR/Cas9	machinery	will	 therefore	mediate	 the	disruption	of	 the	
functional	core	of	Pitx1,	leading	to	an	ineffective	transcription	factor	(Fig.	37).	According	to	
CHOPCHOP	and	Cas-OFFinder,	Pitx1	T5	and	T19	had	the	highest	predicted	efficiency	and	no	
off-targets.	 In	 contrast	 to	 that,	 T50	 had	 three	 off-targets	 (with	 precondition	 of	 three	
permitted	mismatches).	 In	case	of	T19	and	T50,	the	first	 two	bases	from	the	5'	end	of	the	









For	 this	project,	a	Cas9	was	chosen	that	was	optimized	 for	 the	use	 in	 the	zebrafish	model	
organism	 (zCas9).	 The	 codon	usage	of	 the	 synthetic	 zCas9	 gene	was	 adapted	 to	meet	 the	
requirements	 in	 zebrafish.	 Moreover	 it	 was	 modified	 with	 a	 Kozak	 sequence	 and	 with	
nuclear	localisation	signals	(NLS)	at	both,	the	5'	and	the	3'	end	(Jao	et	al.,	2013).	
To	test	the	functionality	of	the	CRISPR/Cas9	system,	a	gene	knockout	of	Tyrosinase	(Tyr)	was	
conducted.	 Tyrosinase	 is	 involved	 in	 the	 establishment	 of	 zebrafish	 pigmentation	 by	




zebrafish	 eggs	 of	 the	 wild	 type	 Bayreuth	 (BT)	 strain	 at	 the	 one-cell	 stage	 (Borrero	Malo,	
2018;	 Stacker,	 2018).	 At	 2	dpf,	 the	 embryos	 exhibited	 a	 significant	 reduction	 of	
pigmentation.	This	was	observed	to	different	extends,	from	almost	wild	type	appearance	to	


















Since	 predicted	 and	 real	 efficiency	 of	 sgRNAs	 can	 significantly	 differ,	 especially	 in	 case	 of	
zebrafish,	 the	 activity	 of	 the	 Pitx1	 sgRNAs	 T5,	 T19	 and	 T50	 was	 evaluated	 in	 preliminary	
experiments.	 For	 this,	 three	 methods	 were	 utilized:	 CRISPR	 Somatic	 Tissue	 Activity	 Test	
(CRISPR-STAT)	 (Carrington	 et	 al.,	 2015),	 Tracking	 of	 Indels	 by	 DEcomposition	 (TIDE)	













































capillary	electrophoresis.	 In	 the	resulting	peak	profiles,	wild	 type	alleles	exhibit	one	single,	





The	method	was	 basically	 performed	 according	 to	 the	 protocol	 by	 Varshney	 et	 al.,	 2016,	
however,	 some	 essential	 instructions	 have	 been	 changed	 to	 adapt	 the	 protocol	 to	 the	
existing	 laboratory	 equipment.	 First,	 zebrafish	 eggs	 of	 the	 Casper	 or	 BT	 strains	 were	 co-
injected	at	the	one	cell-stage	with	sgRNA	(Pitx1	T5,	T19,	T50	or	Tyr	T1)	and	Cas9	mRNA	using	
an	 amount	 of	 50	pg	 and	 300	pg,	 respectively.	 Control	 embryos	 were	 left	 uninjected.	 At	
48	hpf,	for	each	sgRNA	eight	injected	and	eight	uninjected	embryos	were	taken	for	isolation	
of	 genomic	 DNA.	 Based	 on	 this,	 the	 Pitx1	 and	 Tyr	 locus	 were	 subsequently	 amplified	 by	
means	of	PCR	(Borrero	Malo,	2018;	Stacker,	2018).	The	primers	were	designed	to	amplify	a	
region	of	approximately	275	bp	with	the	predicted	cutting	site	being	located	roughly	in	the	
middle.	 A	 M13	 sequence	 was	 added	 to	 the	 5'	 end	 of	 the	 forward	 primer	 and	 a	 pigtail	
sequence	to	the	5'	end	of	the	reverse	primer	to	facilitate	 later	genotyping	and	sequencing	
(Brownstein	et	al.,	1996;	Sood	et	al.,	2013).	The	recommended	fluorescent	PCR	using	a	third	
M13-FAM/5'6-FAM	 (Fluorescein	 amidite)	 primer	 (Carrington	 et	 al.,	 2015;	 Varshney	 et	 al.,	
2016)	was	not	carried	out	as	the	technology	for	its	evaluation	was	not	available.	Instead,	the	
PCR	products	were	handed	over	to	the	laboratory	of	Alfons	Weig	(University	of	Bayreuth)	for	
analysis	 with	 the	 Fragment	 Analyser	 (Advanced	 Analytical).	 However,	 the	 peak	 profiles	
obtained	by	this	capillary	electrophoresis	did	not	show	any	aberrations	between	the	control	
and	 the	 injected	embryos,	neither	 in	 case	of	any	of	 the	 three	Pitx1	 sgRNAs	nor	 for	Tyr	 T1	
sgRNA	 (data	 not	 shown)	 (Borrero	 Malo,	 2018;	 Stacker,	 2018).	 At	 least	 for	 Tyr	 T1	 a	












mutation	 in	 a	 simple,	 quick	 and	 inexpensive	 way	 is	 Tracking	 of	 Indels	 by	 DEcomposition	
(TIDE).	This	method	requires	two	PCR	reactions	based	on	samples	treated	with	sgRNA	and	
Cas9	and	untreated	controls.	The	PCR	products	are	then	sequenced	and	analysed	using	an	











cell	 stage	with	 an	 amount	 of	 50	pg	 sgRNA	 (Pitx1	 T5,	 T19,	 T50	or	Tyr	 T1)	 and	 300	pg	Cas9	
mRNA	(Borrero	Malo,	2018).	At	24	hpf,	15	embryos	were	taken	from	each	group,	pooled	and	
used	for	extraction	of	genomic	DNA.	Following	PCR,	the	sequences	of	the	amplified	products	
were	 determined	 by	 traditional	 Sanger	 sequencing.	 The	 sequencing	 data	 obtained	 from	
control	and	mutated	samples	were	uploaded	to	the	TIDE	webtool	under	specification	of	the	
respective	 target	 sequence	 (http://shinyapps.datacurators.nl/tide-batch/)	 (Borrero	 Malo,	
2018).	 Based	 on	 the	 decomposition	 of	 the	 sequence	 trace,	 TIDE	 estimated	 a	 total	
mutagenesis	 efficiency	 of	 43.2	%	 for	 thy	 Tyr	 T1	 sgRNA,	 which	 served	 again	 as	 a	 positive	




9	base	paires	 (-9)	 to	 insertions	of	 two	base	pairs	 (+2),	whereby	 for	deletions	of	3,	5	and	2	







sample:  46JF27_32562866_32562866 
 control:  46JF28_32563139_32563139 
 guide: GGACTGGAGGACTTCTGGGG



























total eff. = 43.2 %








sample:  46JF27_32562866_32562866 

















expected cut at 218bp
Warning: left boundary of decomposition window was adjusted 233 . It must be at least 5bp plus the maximum 







sample:  46JF31_32567281_32567281 
 control:  46JF33_32583342_32583342 
 guide: TGCTGGCGCTTCTCGGCAGA





















total eff. = 19.2 %
Warning: the spacing between the nucleotides in (one of) sanger sequence file(s) is not constant. 
                                                                                   This might indicate for wrongly unannotated or wrongly additional annotated nucleotides. 
                                                                                   Decomposition window lower and check the chromotogram for abnormalities.








sample:  46JF31_32567281_32567281 

















expected cut at 232bp
Warning: left boundary of decomposition window was adjusted 247 . It must be at least 5bp plus the maximum 














T50	 (Fig.	39B	 and	 Fig.	S23A,B)	 (Borrero	Malo,	 2018).	 Surprisingly,	 the	 lowest	 effectiveness	
was	calculated	for	T5.	This	contradicts	the	predictions	of	CHOPCHOP,	which	rated	T5	as	the	
most	active	target.	Since	T19	and	T50	locate	right	next	to	each	other,	in	this	case	the	same	





are	widely	distributed,	 but	 also	 contain	 frequent	deletions	of	 three	or	 a	multiple	of	 three	
base	pairs	 (Fig.	S23B)	(Borrero	Malo,	2018).	From	these	results	 it	was	concluded	that	Pitx1	











analysis	 were	 additionally	 verified	 via	 a	 third	 method,	 which	 was	 the	 T7	 Endonuclease	 I	
(T7E1)	assay	(Tsuji	&	Niida,	2008).	The	enzyme	T7E1	detects	and	cleaves	mismatched	DNA	











Fig.	40	 T7E1	Assay	 to	 analyse	 genome-targeting	 efficiency	 of	 sgRNAs.	A:	 Schematic	 representation	of	
the	T7E1	Assay.	 The	 targeted	 region	 is	 amplified	 from	genomic	DNA	of	 treated	or	untreated	 zebrafish	
embryos	 via	 PCR.	 A	 denaturation	 and	 re-annealing	 step	 produces	 perfectly	matched	 and	mismatched	
PCR	fragments.	T7E1	detects	those	mismatches	and	cuts	the	DNA	resulting	in	smaller	fragments	that	can	
be	 visualized	 by	 agarose	 gel	 electrophoresis.	 B:	 Agarose	 gel	 for	 the	 detection	 of	 T7E1-mediated	
mismatch	 cleavage.	 The	 PCR	 products	 were	 amplified	 from	 genomic	 DNA	 isolated	 from	 a	 pool	 of	
15	embryos	 (24	hpf)	 that	were	either	co-injected	with	Tyr	 T1	 sgRNA	or	Pitx1	 sgRNA	 (T5,	T19,	T50)	and	
Cas9	mRNA	at	the	one-cell	stage	or	left	uninjected	serving	as	control	embryos	(C).	Arrowheads	point	to	
250	bp	and	500	bp	fragments	caused	by	T7E1	cleavage.	Asterisks	mark	false	positive	bands	observed	in	




in	 control	 samples	 no	 cleavage	 products	 were	 present.	 The	 only	 exception	 is	 the	 control	
sample	 for	 the	 Tyr	 T1	 sgRNA.	 However,	 since	 the	 bands	 observed	 here	 are	 not	 of	 the	











































Malo,	2018).	The	results	of	 the	T7E1	assay	are	 thus	conform	to	 the	TIDE	calculations.	This	
shows	 that	 these	 two	analytical	methods	are	 suitable	 for	providing	assessments	 regarding	
the	 effectiveness	 of	 sgRNAs.	 For	 the	 reasons	mentioned	 above,	 the	 sgRNA	Pitx1	 T19	was	





Several	 co-injections	 of	 Pitx1	 T19	 sgRNA	 (50	pg)	 and	 Cas9	 mRNA	 (300	pg)	 in	 fertilized	
zebrafish	 eggs	 of	 the	 Casper	 line	 were	 conducted	 to	 induce	 mutations	 in	 the	 Pitx1	 gene	
(Borrero	Malo,	2018).	About	80	of	 these	co-injected	 fish	were	 raised	 to	 fertility.	The	adult	
fish	 (F0	 generation)	were	 then	 crossed	with	wild	 type	Casper	 fish.	 At	 24	hpf	 the	 embryos	
(F1	generation)	were	 used	 to	 extract	 genomic	DNA	 and	 subsequently	 to	 amplify	 the	Pitx1	






So	 far,	 approximately	 40	%	 of	 the	 F0	 fish	 were	 examined	 via	 this	 method.	 In	 case	 of	 six	
different	F0	individuals	a	cleavage	of	PCR	products	following	T7E1	digest	could	be	detected	
in	 the	 offspring	 sample.	 These	 associated	 F0	 fish,	 namely	♀4,	♂4,	♂6,	♂7,	♂8	 and	♂15,	
were	therefore	 identified	as	 founder	 fish	 (Fig.	S24)	 (Stacker,	2020).	Each	founder	was	then	
again	crossed	with	fish	of	the	Casper	strain,	but	this	time	the	progeny	(F1	generation)	was	













mediated	 mismatch	 cleavage.	 The	 PCR	 products	 were	 amplified	 from	 genomic	 DNA	 isolated	 from	 fin	
tissue	of	adult	F1	fish	derived	from	the	F0	founder	fish	♀4,	♂4,	♂6,	♂7,	♂8	and	♂15.	The	picture	shows	a	
compilation	of	the	T7E1	assays	for	all	F1	fish	for	which	an	indel	mutation	was	detected	(represented	by	
numbers).	 Arrowheads	 point	 to	 250	bp	 and	 500	bp	 fragments	 caused	by	 T7E1	 cleavage.	M	=	 1	kb	DNA	
ladder.	
	
In	 addition,	 for	 each	 founder	 the	 PCR	 products	 of	 one	 F1	 fish	 that	 was	 identified	 as	
heterozygous	were	subjected	to	Sanger	sequencing	in	order	to	analyse	them	with	the	TIDE	
algorithm.	This	revealed	indel	mutations	with	a	calculated	frequency	of	over	45.2	%	for	♂7	
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Fig.	42	 TIDE	 to	 predict	 the	 nature	 of	 CRISPR/Cas9	mediated	 indel	mutation	 in	 heterozygous	 F1	 fish.	
Pitx1	T19	sgRNA	was	co-injected	with	Cas9	mRNA	in	zebrafish	embryos	at	the	one-cell	stage	(F0).	F0	fish	
were	 outcrossed	 to	 wild	 type	 fish	 of	 the	 Casper	 strain.	 The	 offspring	 (F1)	 were	 raised	 to	 adulthood.	
Genomic	DNA	was	isolated	from	fin	tissue	of	adult	F1	fish.	The	targeted	region	was	amplified	via	PCR	and	
sequenced	 using	 Sanger	 sequencing.	 For	 heterozygous	 individuals	 derived	 from	 ♂7	 (A)	 and	 ♂8	 (B)	
mutational	 frequencies	 of	 45.2	%	 and	 48.5	%	 are	 calculated	with	 predicted	 deletions	 of	 8	 and	 6	 base	
pairs,	respectively.	Graphs	created	with	TIDE	webtool	(Brinkman	et	al.,	2014).	
	









sample:  79EC44_91594389_91594389 
 control:  79EC66_91594600_91594600 
 guide: TGCTGGCGCTTCTCGGCAGA




















total eff. = 45.2 %
Warning: the spacing between the nucleotides in (one of) sanger sequence file(s) is not constant. 
                                                                                   This might indicate for wrongly unannotated or wrongly additional annotated nucleotides. 
                                                                                   Decomposition window lower and check the chromotogram for abnormalities.
A	 Pitx1	T19_♂7	F1	
B	 Pitx1	T19_♂8	F1	
sample:  79EC51_91594457_91594457 
 control:  79EC66_91594600_91594600 
 guide: TGCTGGCGCTTCTCGGCAGA



























least	eight	F2	 larvae	were	 taken	 for	each	of	 the	 six	 lines	 in	order	 to	extract	genomic	DNA	
from	them	and	subsequently	carry	out	the	PCR	to	amplify	the	Pitx1	locus.	The	PCR	products	
were	 then	 subjected	 to	 Sanger	 sequencing	 in	 order	 to	 determine	 the	 respective	 mutant	
Pitx1	sequences.		
	
Table	8.	Pitx1	 T19	 F0	 founder	 fishes	 and	 the	 indel	mutations	 they	 inherit.	 Summary	of	 all	 identified	
Pitx1	T19	founder	fish.	Sanger	sequencing	and	alignment	with	the	wild	type	Pitx1	sequence	revealed	the	










In	 case	 of	♂4	 and	♂6	 F2	 larvae	 only	 wild	 type	 Pitx1	 sequences	 were	 obtained	 by	 the	
sequencing	 reaction.	 The	 sequencing	 profiles	 were	 consistently	 of	 good	 quality	 and,	 in	
addition,	 did	 not	 show	obvious	 peak	 overlays	 indicating	 that	 there	were	 no	 heterozygous	
larvae	among	them	either	 (data	not	shown).	This	strongly	supports	the	hypothesis	derived	






In	case	of	 the	 lines	 founded	by	♀4,	♂7	and	♂15	the	deletions	were	 identified	as	 three	or	
multiples	of	three	base	pairs.	A	detailed	examination	of	the	mutant	Pitx1	sequence	revealed	
that,	as	expected,	none	of	these	lines	contained	a	frameshift	mutation,	which	would	lead	to	




results	 for	 the	Pitx1	 locus	 in	 these	 three	 lines	and	 the	 resulting	amino	acid	 sequences	are	
visually	presented	in	Fig.	S26	and	summarized	in	Table	8.	Whether	these	changes	in	the	Pitx1	
protein	 sequence	 cause	 a	 phenotype	 in	 the	 larvae	 cannot	 be	 said	 with	 certainty	 yet.	 No	
obvious	phenotype	was	found	 in	F2	 larvae	from	founder	♀4,	♂7	and	♂15	up	to	an	age	of	
7	dpf.	The	exception	were	the	F2	descendants	of	founder	♀4.	Here,	approximately	25	%	of	
the	 F2	 embryos	 exhibited	 a	 striking	 phenotype	with	 enlarged	 and	misshaped	 head	 and	 a	
pronounced	 pericardial	 edema	 at	 48	hpf	 (Fig.	S27).	 However,	 Sanger	 sequencing	 revealed	





Fig.	43	 Sequence	 information	 of	 homozygous	 Pitx1	 T19	 F2	 fish.	 Genomic	 DNA	 was	 isolated	 from	 F2	
larvae	derived	by	founder	fish	♂7.	Sanger	sequencing	revealed	the	genotype	of	homozygous	fish	carrying	
the	 indel	mutation	 of	 -8	 base	 pairs.	 A	 total	 of	 ten	 base	 pairs	were	 deleted	 and	 two	 new	 ones	 added,	
resulting	 in	 the	 overall	 deletion	 of	 eight	 base	 pairs.	 The	 consequence	was	 a	 shift	 in	 the	 reading	 frame	
affecting	the	complete	amino	acid	(aa)	sequence	after	Ser(8)	(framed	in	red).	In	addition	a	premature	stop	










The	 most	 promising	 indel	 mutation	 was	 found	 in	 the	 Pitx1	 locus	 of	 homozygous	 F2	
descendants	 from	♂7.	The	 introduced	deletion	of	eight	bases	causes	a	shift	 in	the	reading	
frame	that	results	 in	a	completely	different	amino	acid	sequence	after	Ser(8).	Moreover,	a	
premature	Stop	codon	is	created	after	48	amino	acids	consequently	resulting	in	a	truncated	
protein	 (Fig.	43).	 Therefore	 the	 expectation	 was	 that	 this	 mutation	 causes	 a	 pronounced	
phenotype,	 which	 might	 even	 result	 in	 embryonic	 lethally.	 However,	 contrary	 to	 this	
hypothesis,	 larvae	 survived	 at	 least	 up	 to	 an	 age	 of	 7	dpf	 with	 normal	 appearance	 and	
behaviour.	WISH	detecting	Pitx1	transcripts	revealed	a	normally	developed	pituitary	gland	at	






not	 detected	 in	 any	 adult	 F2	 individual,	 although,	 statistically	 speaking,	 a	 number	 of	 7-8	
individuals	would	have	been	expected	in	31	fish.	This	indicated,	although	the	larva	does	not	
appear	 to	 have	 a	 phenotype,	 that	 the	 fish	 homozygously	 carrying	 the	 deletion	 of	 8	bp	 in	
Pitx1	 do	 not	 reach	 adulthood.	 The	 fitness	 of	 the	 larvae	 might	 be	 attributed	 to	 a	 partial	
compensation	of	the	Pitx1	function	by	its	close	homologues	Pitx2	and	Pitx3,	which	are	both	
expressed	 simultaneously	 with	 Pitx1	 in	 the	 pituitary	 gland	 during	 early	 somitogenesis	
(Angotzi	 et	 al.,	 2008).	 Another	 prominent	 expression	 site	 of	 Pitx1	 is	 the	mandibular	 arch	
during	 early	 larval	 jaw	 development	 (Askary	 et	 al.,	 2017).	 A	 detailed	 examination	 of	 the	
correct	organisation	of	 the	 jawbones	might	 therefore	 reveal	a	dysfunction	of	 the	mutated	













The	 results	of	 the	performed	gene	expression	analysis	during	 the	early	 stages	of	pelvic	 fin	
development	 (Fig.	13	-	15)	mostly	 fit	 the	expectations	and	are	 in	 conformity	with	previous	
observations	in	zebrafish	or	other	model	organisms.	






In	 this	 study,	 several	 genes	 of	 the	 RA	 signalling	 pathway	were	 shown	 to	 be	 active	 during	








the	AER	 (Fernandez-Teran	&	Ros,	 2008).	 In	 addition	 it	was	 observed	 that	Fgf10a	 and	 Shh	
expression	 arise	 in	 advance	 to	 Fgf8a,	which	 is	 differing	 from	 findings	 obtained	 in	 chicken	
studies	 in	which	Shh	was	 shown	to	be	a	downstream	target	of	Fgf8	 (Crossley	et	al.,	1996;	
Ohuchi	et	al.,	1997).	













Ohuchi	 et	 al.,	 1997;	 Xu	 et	 al.,	 1998)	 (Fig.	44A-D).	 Even	 in	 species	 that	 do	 not	 form	 an	
morphological	AER,	among	others	certain	frog	or	marsupial	species,	the	expression	of	Fgf8	is	




Fig.	44	Fgf8	 expression	 in	 ectodermal	 limb	 structures	 of	 diverse	 vertebrates.	 In	 limb	development	of	








2008;	 Mariani	 et	 al.,	 2008;	 Sun	 et	 al.,	 2000).	 In	 this	 context	 it	 was	 shown	 that	 the	
contribution	 of	 Fgf8	 to	 the	 AER	 signal	 is	 the	 most	 important	 to	 drive	 limb	 development	
forward.	 In	a	 situation	of	 simultaneous	depletion	of	Fgf4,	Fgf9	and	Fgf17,	 the	presence	of	
functional	Fgf8	is	sufficient	to	develop	normal	limbs	in	mouse	embryos	(Mariani	et	al.,	2008).	
Nevertheless,	partial	compensation	of	Fgf8	takes	place	upon	functional	loss	of	this	gene	so	
expressed in the ZPA at 24 hpf and expression progressively
increases until 36 hpf (Figure 3A–B) [56]. In Nipbl-deficient limb
buds, shha and ptch2 expression was reduced at these stages
(Figure 3A, B). shha and ptch2 expression levels were also reduced
in the intestine (where Nipbl is also required for development [11];
Figure 3A, B, asterisks), but unaffected in the notochord and
neural tube (Figure 3A, B and unpublished data), suggesting a
tissue-specific requirement for Nipbl in the expression of Shh and
its receptor.
Hand2 regulates Shh expression in fin/limb buds [56–58], and
we found that hand2 expression was also reduced in Nipbl-
deficient fin buds (36 and 40 hpf) compared with stage-matched
controls (32 and 36 hpf) (Figure 3C). In mouse limb buds, anterior
expression of the transcriptional repressor, Gli3, restricts expres-
sion of Hand2 posteriorly [59]. Zebrafish pectoral fin buds also
express gli3 [60] but its expression was not affected by reduction of
Nipbl (Figure 3D).
Mammalian Hand2 acts together with the products of 59-Hoxd
genes [58] in the regulation of Shh expression. In pectoral fin buds
of Nipbl-deficient embryos, we found that 59-hoxd genes, including
hoxd9a-d13a (Figure 4A), were significantly downregulated (Fig-
ure 4B). Importantly, fin bud expression of hand2, hoxd10a, shha
and ptch2 could all be partially rescued by exogenous nipbla
mRNA (Figure S8).
Retinoic acid (RA) produced in anterior somites also regulates
shha expression in pectoral fin buds (12–22 hpf [42–44,61]), as
well as fin bud expression of fgf10a. However, we found no
differences in expression of either the RA synthesizing enzyme
aldh1a2 or the RA degradation enzyme and target gene, cyp26a1,
at 13 and 19 hpf in Nipbl-deficient embryos (Figure S9).
Together, these findings indicate that Nipbls regulate the 59-
hoxd/hand2/shha signaling cascade, but do not affect the tbx5a/
fgf24/fgf10a pathway that lies downstream of RA signaling,
during vertebrate limb development.
Nipbls regulate expression of hox genes according to
their genomic location
Hox genes belong to 13 paralog groups organized in four
(mammals) or seven (zebrafish) clusters; the HoxA and D clusters
are crucial for limb/fin development [56,62,63]. The most 39-
located genes (39-Hox), such as Hoxd1, are expressed earliest in
mouse limb buds, whereas expression of 59-located genes (59-Hox,
d10-d13) begins later [64,65]. 59-Hoxd gene expression occurs
first in proximal limb buds, where it is required for Shh expression
in the ZPA to establish A-P patterning [55,66], and is later
restricted distally in limb buds, where it is required for proper digit
formation [64,65]. Expression of hoxd genes in zebrafish fin buds is
reminiscent of that in proximal mouse limb buds but appears to
lack the second wave of distal expression, consistent with the lack
of digits in ray-finned fish [64].
Examination of expression of multiple hox genes from the Hoxa
(hoxab), Hoxc (hoxca), and Hoxd (hoxda) clusters in the fin buds of
Nipbl-deficient embryos revealed that changes in expression
correlated strongly with positions of genes within clusters
(Figures 4–5). Expression of five hoxd genes located at the 59 ends
of the hoxda cluster (hoxd9a-d13a) was severely reduced
(Figure 4B), while expression of two hoxd genes located more 39
in the cluster, hoxd3a and hoxd4a, expanded to encompass the
entire bud (Figure 4C). Similarly, expression of 59-genes in the
hoxab cluster—such as hoxa9b, a10b, and a13b—was significantly
Figure 2. Reduced expression of fgfs in the AER of Nipbl-deficient embryos. Expression of fgf4 (A), fgf8a (B), fgf16 (C) and fgf24 (D) in the
AER (arrows) at indicated stages in control and Nipbl-deficient embryos examined by ISH. Dorsal views, anterior to the top.
doi:10.1371/journal.pgen.1004671.g002
Nipbl and Mediator Regulate Limb Development
PLOS Genetics | www.plosgenetics.org 4 September 2014 | Volume 10 | Issue 9 | e1004671
expressed in the ZPA at 24 hpf a d expression progressively
increases until 36 hpf (Figure 3A–B) [56]. In Nipbl-deficient limb
buds, shha and ptch2 expre sion was redu ed at the e stage
(Figure 3A, B). shha and ptch2 expression levels were also reduced
in the intestine (where Nipbl is also required fo development [11];
Figure 3A, B, asterisks), but unaffected in the notochord and
neural tube (Figure 3A, B and unpublished data), suggesti g a
tissue-specific requirement for Ni bl in the expression of Shh and
its receptor.
Hand2 regulates Shh expression in fin/limb buds [56–58], and
we found that hand2 expressio was also reduced in Nipbl-
deficient fin buds (36 and 40 hpf) compared with stage-matched
controls (32 and 36 hpf) (Figure 3C). In mouse limb buds, anterior
expression of the transcriptional repressor, Gli3, es ricts expres-
sion of Hand2 posteriorly [59]. Zebrafish pectoral fin buds also
express gli3 [60] but its expression was not affected by reduction of
Nipbl (Figure 3D).
Mammalian Hand2 acts together with the products of 59-Hoxd
genes [58] in the regulation of Shh expression. In pectoral fin buds
of Nipbl-deficient embryos, we found that 59-hoxd genes, inclu ing
hoxd9a-d13a (Figure 4A), were significantly downregulated (Fig-
ure 4B). Importantly, fin bud expression of hand2, hoxd10a, hha
and ptch2 could all be partially res ued by exogenous nipbla
mRNA (Figure S8).
Retinoic acid (RA) produced i anterior somites also regulates
shha expression in pectoral fin buds (12–22 hpf [42–44,61]), as
well as fin bud expression of fg 10a. Howev r, we found no
differences in expression of ither the RA synthesizing enzyme
aldh1a2 or the RA degrad tion enzyme and target gene, cyp26a1,
at 13 and 19 hpf in Nipbl-deficie t embryos (Figure S9).
T gether, these findings indicate that Nipbls re ulate the 59-
hoxd/hand2/shha signaling cascade, but do not affect the tbx5a/
fgf24/fgf10a pathway that lies downstream of RA signaling,
during vertebrate limb development.
Nipbls regulate expression of hox gen s according to
their genomic location
Hox genes belong to 13 paralog groups organized in four
(mammals) or seven (zebrafish) clusters; the HoxA and D clusters
are crucial for limb/fin development [56,62,63]. The most 39-
located genes (39-Hox), such as Hoxd1, are expressed earliest in
mouse limb buds, whereas expr ssion of 59-located genes (59-Hox,
d10-d13) begins later [64,65]. 59-Hoxd gene expression occurs
first in proximal limb buds, where it is required for Shh express on
in the ZPA to establish A-P patterning [55,66], and is later
restricted distally in limb buds, where it is required for proper digit
formation [64,65]. Expressi n of hoxd genes in zebraf sh fin buds is
reminiscent of that in proxi al mouse limb buds but appears to
lack the second wave of distal expression, consistent with the lack
of digits in ray-finned fish [64].
Examination of expression of ultiple h x genes fr m the Hoxa
(hoxab), Hoxc (hoxca), and Hoxd (hoxda) clusters i the fin buds of
Nipbl-d ficient embryos revealed that changes in expression
correlated strongly with positions of enes within clusters
(Figures 4–5). Expr sion of five hoxd genes located at th 59 ends
of the hoxda clu ter (hoxd9a-d13a) was severely reduced
(Figure 4B), while expression of two hoxd genes located more 39
in the cluster, hoxd3a and hoxd4a, expanded to encompass the
entire bud (Figure 4C). Similarly, expression of 59-genes in the
hoxab cluster—such as hoxa9b, a10b, and a13b—was significantly
Figure 2. Reduced expression of fgfs in the AER of Nipbl-de ic ent mbry s. Expression of fgf4 (A), fgf8a (B), fgf16 (C) and fgf24 (D) in the
AER (arrows) at indicated stages in control a Nipbl-deficient embryos examined by ISH. Dorsal views, ant rior to the t p.
doi:10.1371/journal.pgen.1004671.g002
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expressed in the ZPA at 24 hpf and expression progressively
increases until 36 hpf (Figure 3A–B) [56]. In Nipbl-deficient limb
buds, shha and ptch2 expression was reduced at these stages
(Figure 3A, B). shha and ptch2 expression levels were also reduced
in the intestine (where Nipbl is also required for development [11];
Figure 3A, B, asterisks), but unaffected in the notochord and
neural tube (Figure 3A, B and unpublished data), suggesting a
tissue-specific requirement for Nipbl in the expression of Shh and
its receptor.
Hand2 regulates Shh expression in fin/limb buds [56–58], and
we found that hand2 expression was also reduced in Nipbl-
eficie t fin buds (36 an 40 hpf) compared with stage-matched
controls (32 and 36 hpf) (Figure 3C). In mouse limb buds, anterior
expression of the transcriptional repressor, Gli3, restricts expres-
sion f Hand2 posteriorly [59]. Zebrafish p ctoral fin buds also
express gli3 [60] but its expression w s not ffected by r duction of
Nipbl (Figure 3D).
Mammalian Hand2 acts together with the products of 59-Hoxd
g nes [58] in the regulation of Shh expression. In pectoral fin buds
of Nipbl- eficient embryos, we fo nd that 59-hoxd genes, includi g
hoxd9a-d13a (Figure 4A), were significantly downregulated (Fig-
ure 4B). Importantly, fin bud expression of ha d2, hoxd10a, shha
and ptch2 could all be partially rescued y exogenous nipbla
mRNA (Figure S8).
Reti oic acid (RA) produced in anterior somites also regul t s
shh xpression in p ctoral fi s (12–22 hpf [42–44,61]), as
well as fin bud expression of f f10a. However, we foun no
differenc s n expre sion of either the RA synth sizing e zyme
ldh1a2 r the RA degradation e zyme nd target gene, cyp26a1,
at 13 and 19 hpf in Nipbl-d fic ent embryos (Figure S9).
Together, these findings indicate that Nipbls regulate the 59-
hoxd/hand2/shha signaling cascade, but do not affect the tbx5a/
fgf24/fgf10a pathway that lies downstream of RA signaling,
during vertebrate limb development.
Nipbls regulate expression of hox genes according to
their genomic location
Hox genes belong to 13 paralog groups organized in four
(mammals) or seven (zebrafish) clusters; the HoxA and D clusters
are crucial for limb/fin development [56,62,63]. The most 39-
located genes (39-Hox), such as Hoxd1, are expressed earliest in
mouse limb buds, whereas expression of 59-located genes (59-Hox,
d10-d13) begins later [64,65]. 59-Hoxd gene expression occurs
first in proximal limb buds, where it is required for Shh expression
in the ZPA to establish A-P patterning [55,66], and is later
restricted distally in limb buds, where it is required for proper digit
formation [64,65]. Expression of hoxd genes in zebrafish fin buds is
reminiscent of that in proximal mouse limb buds but appears to
lack the second wave of distal expression, consistent with the lack
of digits in ray-finned fish [64].
Examination of expression of multiple hox genes from the Hoxa
(hoxab), Hoxc (hoxca), and Hoxd (hoxda) clusters in the fin buds of
Nipbl-deficient embryos revealed that changes in expression
correlated strongly with positions of genes within clusters
(Figur s 4–5). Expression of five hoxd genes located at the 59 ends
of the hoxda cluster (hoxd9a-d13a) was severely reduced
(Figure 4B), while expression of two hoxd genes located more 39
in t e cluster, hoxd3a and hoxd4a, expanded to encompass the
entire bud (Figure 4C). Similarly, expression of 59-genes in the
h xab cluster—such as hoxa9b, a10b, and a13b—was significantly
Figure 2. Reduced expression of fgfs in the AER of Nipbl-deficient embryos. Expression of fgf4 (A), fgf8a (B), fgf16 (C) and fgf24 (D) in the
AER (arrows) at indicated stages in control and Nipbl-deficient embryos examined by ISH. Dorsal views, anterior to the top.
doi:10.1371/journal.pgen.1004671.g002
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expressed in the ZPA at 24 hpf a d expression progressively
increases until 36 hpf (Figure 3A–B) [56]. In Nipbl-deficient limb
buds, shha and ptch2 expre sion was redu ed at the e stage
(Figure 3A, B). shha and ptch2 expression levels were also reduced
in the intestine (where Nipbl is also required fo dev lopment [11];
Figure 3A, B, asterisks), but unaffected in the notochord and
neural tube (Figure 3A, B and unpublished data), suggesti g a
tissue-specific requirement for Ni bl in the expression of Shh and
its receptor.
Hand2 regulates Shh expression in fin/limb buds [56–58], and
we f und that hand2 expressio was also reduced in Nipbl-
deficient fin buds (36 and 40 hpf) compared with stage-matched
controls (32 and 36 hpf) (Figure 3C). In mouse limb buds, anterior
expression of the transcriptional repressor, Gli3, es ricts expres-
sion f Hand2 posteriorly [59]. Z brafish pectoral fin buds also
exp ss gli3 [60] but its expression w s not ffected by r uction of
Ni bl (Figure 3D).
Mammalian Hand2 acts together with the products of 59-Hoxd
genes [58] in the regulation of Shh expression. In pectoral fin buds
of Nipbl- eficient embryos, we fo n that 59-hoxd genes, inclu i g
hoxd9a-d13a (Figure 4A), w re significantly downre ulated (Fig-
ure 4B). Importantly, fin bud expressio of hand2, hoxd10a, shha
and ptch2 could all be partially res ued y exogenous nipbla
mRNA (Figure S8).
Reti ic acid (RA) produced in anterior somites also regul t s
shh ex ression in pectoral fin (12–22 hpf [42–44,61]), as
well as fin bud expression of f 10a. Howev r, we foun no
differences in expression of ither the RA synthesizing enzyme
ldh1a2 or the RA d grad tio enzyme nd target g ne, cyp26a1,
at 13 and 19 hpf in Nipbl-defic e t embryos (Figure S9).
T gether, these findings indicate that Nipbls re ulate the 59-
hoxd/hand2/shha signaling cascade, but do not affect the tbx5a/
fgf24/fgf10a pathway that lies downstream of RA signaling,
during vertebrate limb development.
Nipbls regulate expression of hox gen s according to
their genomic location
Hox genes belong to 13 paralog groups organized in four
(mammals) or seven (zebrafish) clusters; the HoxA and D clusters
are crucial for limb/fin development [56,62,63]. The most 39-
located genes (39-Hox), such as Hoxd1, are expressed earliest in
mouse limb buds, whereas expr ssion of 59-located genes (59-Hox,
d10-d13) begins later [64,65]. 59-Hoxd gene expression occurs
first in proximal limb buds, where it is required for Shh express on
in the ZPA to establish A-P patterning [55,66], and is later
restricted distally in limb buds, where it is required for proper digit
formation [64,65]. Expressi n of hoxd genes in zebraf sh fin buds is
reminiscent of that in proxi al mouse limb buds but appears to
lack the second wave of distal expression, consistent with the lack
of digits in ray-finned fish [64].
Examination of expression of ultiple h x genes fr m the Hoxa
(hoxab), Hoxc (hoxca), and Hoxd (hoxda) clusters i the fin buds of
Nipbl-d ficient embry s revealed that changes in expression
correlated strongly with position of enes within clusters
(Figur 4–5). Exp sion of five hoxd ge es located at th 59 ends
of the h xda clu ter (hoxd9a-d13a) was severely reduced
(Figure 4B), while expression of tw hoxd genes located more 39
in t e clus er, hoxd3a and oxd4a, expanded to encompass the
entire bud (Figure 4C). Similarly, expr ssion of 59-genes in the
h xab cluster—such as hoxa9b, a10b, and a13b—was significantly
Figure 2. Reduced expression of fgfs in the AER of Nipbl-de ic ent mbry s. Expression of fgf4 (A), fgf8a (B), fgf16 (C) and fgf24 (D) in the
AER (arrows) at indicated stages in control a Nipbl-deficient embryos examined by ISH. Dorsal views, ant rior to the t p.
doi:10.1371/journal.pgen.1004671.g002
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blast growth factor (Fgfs) family. Four members of this numerous
family, Fgf8, Fgf4, Fgf9 and Fgf17, show a restricted pattern of
expression in the AER during mouse and chick limb development
and, accordingly, they are referred to as AER-Fgfs (reviewed in
Martin, 1998; Tickle and Munstenberg, 2001). In addition, two other
Fgfs are expressed in the chick AER: Fgf2, which is also expressed
in the limb ectoderm and underlying mesoderm (Savage et al.,
1993; Dono and Zeller, 1994), and Fgf19 (Kurose et al., 2004).
Fgf8 expression is detected in the limb surface ectoderm from
the earliest stages of limb development (16HH in the chick wing
and E9 in th  mouse forelimb) (Fig. 4), and it  expression i
considered to mark the precursors of the AER (Martin, 1998;
Loomis et al., 1998; Bell et al , 1998). The early Fgf8 domain is
patched indicating a mixing of expressing and non-expressing
cells but rapidly evolves to a ore compact domain encompass-
ing the process of maturation of the AER (Cro sley t al., 1996).
gf8 is consid red the antonomasia marker of th  AER as its
expression temporally and spatially accompanies the whole exist-
ence of the AER. For this precise reason, Fgf8 expression in the
limb ctoderm is considered a synony  f th  presence f AER
cells. Although, as will be discussed later, a morphological AER
do  form i  the abs nce of Fgf8, and also in the absence of Fgf8
and Fgf4 (Lewandoski t al., 2000; Moon a d Capecchi, 2000;
Sun et al., 2002; Boulet et al., 2004).
The temporal discrepancy between the early beginning of Fgf8
expression in the limb ectoderm and the subsequent establish-
ment of the mature AER led t  the i troduction of the term “pre-
AER” to fer to he cells th t express Fgf8 bu  have not yet
dev loped the m rphology f the AER (L omis et al., 1998;
Kimmell et al., 2000) (Fig. 4). This discrepancy is at the root of t e
distinction sometimes made between molecular and morphologi-
cal AER and reflects the fact that the AER can be defined by either
morphological or molecular criteria.
In contrast to Fgf8, the other AER-Fgfs show a much more
tempor lly and sp i lly r strict d pattern of xpre ion. Th i
xpression is detect d only after th  mature AER has b n
established, confined to a central-posterior domain and at a much
lower level than Fgf8. For example, Fgf4 is expressed only in the
posterior-distal part of the AER, over the mesodermal area of
greatest growth (Niswander and Martin, 1992; Saunders 1948)
(Fig. 5A-B). Interestingly, the expression of Fgf4 in the AER is
regulated by FGF8, since, in the absence of Fgf8 it becomes
temporally and spatially upregulated (Moon and Capecchi, 2000;
Lewandoski et al., 2000).
The proof that FGFs were responsible for AER function came
from experiments showing that several FGFs could act as substi-
tutes for the AER (Niswander et al., 1993; Fallon et al., 1994). An
exogenous source of FGF applied to the distal limb mesoderm
immediately after the removal of the AER was capable of sustain-
ing further elongation of the bud and the development of a close
to normal limb. The exogenously applied FGF also prevented the
cell death that normally occurs after AER removal and maintained
normal gen  expression in the underlying mesoderm (Rowe et al.,
1982; Fallon et al., 1994). Therefore, the AER-FGFs provide
proliferation/survival factors for the underlying mesoderm that
llow normal progression of limb development. Of particular
relevance was the finding that several FGFs were even capable
of inducing a supernumerary limb when ectopically applied to the
fl nk interlimb region in chick mbryos (Cohn et al., 1995). In the
mouse, chimeras c ntaining Fgf4-expressing cells show small
ectopic outgrowths in the flank and application of FGF4 beads to
the flank region of mouse embryos in vitro induces the formation
of ectopic limb buds (Abud et al., 1996; Tanaka et al., 2000).
Besides Fgfs, a growing number of genes are known to be
expressed in the AER (Fig. 5). These include transcription factors
su h a  En1 (Loomis et al., 1996), Dlx2, 5 and 6  (Bulfone et al.,
1993; Robledo et al., 2002; Kraus and Lufkin, 2006), Msx2
(Davidson et al., 1991), and Sp8, Sp9 and Sp6 (Treichel et al.,
2003; Bell et al., 2003; Nakamura et al., 2004); components of
signaling pathways such as Bmp2, 4 and 7 (Francis et al., 1994;
Lyons et al., 1995) Wnt3a/Wnt3 (Kengaku et al., 1998; Barrow et
l., 2003), Notch1, Jag2 and Rfng (Radical fringe; Laufer et al.,
Fig. 5. Expression of Fgf8, Fgf4, Msx2, Bmp4, Bmp7 and Bmp2 in the chick limb bud. All the panels are ventral pictures of chick wings (top) and
legs (bottom) stage 22-23HH after hybridization with the specific probe indicated on the top. Note the difference in anterior-posterior extension of
the domains of expression.









447Fgf8 expression in the mouse embryo
the FGF8 protein is encoded in at least three separate exons
(here termed exons 1a, b, and c) rather than the single exon
found in other FGF family members. Differential exon usage
and the differential use of splice donor and splice acceptor sites
within these three exons makes possible the production of a
family of secreted FGF8 polypeptides, apparently differing
only in a short domain that lies between the signal sequence
and the start of the conserved FGF core. It is not yet known
whether particular isoforms are uniquely expressed in specific
tissues during embryogen sis or in the adult.
These data show that the Fgf8 gene can produce a remark-
able range of secreted protein isoforms. The functional signif-
icance of this isoform diversity remains to be determined, but
could be related to the fact that the different predicted proteins
may be glycosylated to different extents. N-linked glycosyla-
tion may be important in regulating FGF activity, as suggested
Fig. 6. Localization of Fgf8 RNA
in the developing head and neck.
(A) Schematic diagram
illustrating the generic structure
of the branchial arch region in a
vertebrate embryo, and showing
the spatial relationships of the
pharyngeal endoderm, surface
ectoderm and neural crest cell
populations that constitute the
pharyngeal arches, grooves and
pouches. (Reprinted from
Frohman et al., 1990).
(B) Transverse section of the
E8.0 embryo (shown in 5C and
G) localizing Fgf8 RNA to cells
in the ventrolateral walls of the
foregut endoderm, in the
overlying surface ectoderm, and
in the intervening lateral
mesoderm. (Magnification =
~120×). (C) Frontal section
through the pharyngeal region of
an E9.5 embryo showing that
Fgf8 RNA is highly restricted to
the pharyngeal pouch endoderm
and surface ectoderm of the
branchial grooves, and is also
localized in the surface ectoderm
of the first pharyngeal arch. (Magnification = 60×). (D) Frontal view of a E9.5 embryo (whole-mount preparation), showing Fgf8 RNA in two
patches of surface ectoderm (arrowheads) in the region of the prospective nasal placodes. High levels of Fgf8 RNA are also detected in the
commissural plate of the forebrain and in the surface ectoderm of the maxillary and mandibular components of the first branchial arch.
(Magnification = ~50×). (E) Frontal view of an E10.5 embryo (whole-mount preparation) showing Fgf8 RNA in ectodermal cells surrounding
the nasal pits, in the surface ectoderm of the upper (maxilla) and lower (mandible) jaw anlage, and in the commissural plate and pharyngeal
grooves.(Magnification = ~25×). Abbreviations: cp, commissural plate; ma, mandibular component of the first pharyngeal arch; me, mesoderm;
mx, maxillary component of the first pharyngeal arch; ng, neural groove; np, nasal pit; pa I-III, pharyngeal arches I-III; pe, pharyngeal
endoderm; pg, pharyngeal groove; pp, pharyngeal pouch; se, surface ectoderm.
Fig. 7. Localization of Fgf8 RNA in the developing limb bud. (A,B) Transverse sections of an embryo with a stage 1 forelimb bud (A) and an
embryo with a stage 2-3 forelimb bud (B) hybridized with a radiolabeled antisense probe for Fgf8. At stage 1, Fgf8 RNA is localized in the
ventral ectoderm of the limb bud, whereas at stage 2-3 it is restricted to the developing AER. (Magnification = ~100×). (C) Whole-mount E10.5
embryo with limb buds at stage 3. Fgf8 RNA is detected at high levels along the length of the AER in both the forelimb and hindlimb buds.
(Magnification = ~16×). Abbreviations: AER, apical ectodermal ridge; D, dorsal; fl, forelimb bud; hl, hindlimb bud; nt, neural tube; V, ventral. 
Histological analyses of cellular morphology confirm
that both mouse for - and hind limbs and the opossu
hind limbs p ssess a distinct, p otruding AER separat-
ing the dorsal and ventral sides of the limb, whereas the
opossum forelimb does not (Fig. 2). In mouse limbs of
limb Stage 5, there is obvious thickening and compaction
of the ectoderm at the distal tip of the limb bud (Fig.
2a). Similarly, the opossum hind limb at limb Stage 5
displays a significant thickening of the distal ectoderm,
where the AER is located (Fig. 2c). Again, the AER of
the opossum hind limb is not as pronounced as that of
the mouse. In contrast, in the opossum forelimb at limb
Stage 5, the thickness of the ectoderm is uniform along
the distal edge of the imb bud, and there is no noticea-
ble compaction or protrusion of cells forming an AER.
Fgf8 Expression is Conserved in
Opossum Limbs
Analyses of patterns and levels of Fgf8 expression
indicate that Fgf8 expression is conserved in opossum
limbs. As revealed by in situ hybridization, Fgf8 tran-
scripts are expressed in solid line along the DV bound-
ry of both the developing fore- and hind limb in
opossums, in a similar manner to that previously docu-
mented in other tetrapods (Fig. 3; Crossley and Martin,
1995; Crossley et al., 1996; Cooper et al., in press).
Moreover, semi-quantitative RT-PCR analysis of the lev-
els of Fgf8 transcript revealed that the level of Fgf8
transcript indistinguishable (p ¼ 0.8873) in mouse
and opossum fore- and hind limbs of comparable
Fig. 2. Histological sections of M. musculus (mouse) and M.
domestica (opossum) limbs during limb Stage 5, stained with hema-
toxylin and eosin. The AER can be seen protruding from the distal tip
of the limb bud in the mouse forelimb (A), and in the opossum hind
limb (C), although the AER of the opossum hind limb is relatively less
prominent. However, even at the cellular level no physical AER ridge
can be detected along the DV boundary of the opossum forelimb (B).
Fig. 3. Fgf8 expression in M. domestica (opossum) fore- and hind
limbs. In situ hybridiz tion reveals that Fgf8 is express d (indicated by
black staining) normally in opossum forelimbs (A and B - Stage 28;
limb Stage 3) and hind limbs (C and D - Stage 30; limb Stage 2).
Arrows indicate Fgf8 expression in the limb buds. (c) Semi-quantitative
RT-PCR reveals that Fgf8 is also expressed the same relative level in
the fore- (FL) and hind limbs (HL) of opossums (Mono.) and mouse,
Mus musculus (Mus) at limb Stage 4.
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Fig. 2. EcFgf8, EcFgf4, and EcWnt3a
expression in coquı́ i buds. EcFgf8
is strongly expressed in the region that
corresponds to the AER through all
stages of development analyzed in both
forelimb (A–E) and hind limb (F–J).
Expression of EcFgf8 appears to be
strongest within the regio of thick-
ened ectoderm in the distal developing
limb (Richa dson et al. 1998). The en
EcFgf4 was assayed t rough all s ages
of development (data not shown) but
was not expressed in any tissue-specific
manner (K–M). We did observe, how-
ever, some chromogen “trapping” i the
ventricles of the brain and otic capsules
(K) of specimens exposed for extended
periods of time. No expr si was de
tected for EcWnt3a (N–S) in any em-
bryo throughou the thre stag s as-
sayed. F relimbs: A–E, L, N–P; hind
limbs: F–J, M, Q–S. Scale = 250 µm.
Our results w th coquı́ indi a that it may b expe da le
evolutionarily as well.
In the developing chicken limb, a key gene acting up-
stream, initiating Fgf signaling, is the ca onical Wnt family
member Wnt3 . Wnt3a is exp sed early in the resump iv
AER whe it induc s expre sion o F f8 vi the canonical
β-catenin signaling pathway and thereby promotes AER
formation (Kengaku et al. 1998). Subsequ ntly, Wnt3 is
express d wit i he AER itsel , initiati Fg expression.
However, EcW t3a is not observed at any point during de-
velopment of coquı́ limb buds (Fig. 2, N–S). Absence of
EcWnt3a expression in the developing coquı́ limb may indi-
cate that a diff r nt Wnt amily member fulfills he ole of his
gene in inducing the expression of EcFgf8 in this species. Con-
sistent with this idea, Wnt3a is not expressed in the forming
mouse AER and is unnecessary for either Fgf8 expression or
AER formation. Instead, a different canonic l Wnt, Wnt3,
is expressed in the early distal ectoderm a d plays exactly
these roles in the mouse (Barrow et al. 2003). This surprising
finding demonstrates that t o family members with identical
sig alin properties can substitute fo one an ther over vo-
lutionary time, even though they are not expressed together
n a redundant fashion in any known species.
One f the key genes involved in proximodistal axis for-
mation downstream of Fgf activity is Wnt5a, which is ex-
pressed in the underlying distal mesenchyme of the develop-
in limb (D aly et al. 1993). W t5a is essential for the growth
b no the p tterni of proximodistal limb structures
(Yam guchi t al. 1999). As in am iotes, expression of
EcWnt5a in early coquı́ limb buds remains largely diffuse
with a slight distal bias (Fig. 3, A an D). This distal expres-
s on p ttern b comes more distinct later in development,
becomin more prono nced in the igit l pad by stages TS
6/7 (Fig. 3, B and E). By TS 8, expression in the mature limb
b d is confined t portio s f the developing digits as they
g ow out fr m the primary limb axis (Fig. 3, C and F). We
observe a similar reduction in expression around the digits
of the hind limb, as observed in the chicken (Kawakami et al.
1999). However, and in contrast to several gene expression
patterns, we do not observe a delay in expression of EcWnt5a
in the forelimb compared to the hind limb. Instead, expres-
sion of EcWnt5a in both limb buds proceeds at roughly the
same pace in all four limbs.
O e of the roles of Fgf activity in limb patterning is to
repress expression of the homeodomain transcription factors
Meis1 and Meis2 in distal limb mesenchyme. These closely
mouse	 chicken	 opossum	
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l t r t  f t r ( f ) f il . r r  f t i  r
f il , f , f , f   f ,   r tri t  tt r  f
x r ssi  i  t   ri  s   c ick li  v l t
and, accordingly, they are referred to as - gfs (revie ed in
artin, 1998; Tickle nd uns enberg, 2001). In addition, t o other
Fgfs are expressed in the chick AE : Fgf2, hich is also expressed
in the li b ectoder  and underlying esoder  (Savage et al.,
1993; Dono and Zeller, 1994), and Fgf19 (Kurose et al., 2004).
Fgf8 expression is detected in the li b surface ectoderm from
the earliest stages of limb development (16HH in the chick wing
and E9 in th  ou e forelimb) (Fig. 4), and its expressio  is
con dered to mark th  precursors of th  AER (Martin, 1998;
Loomis et al., 1998; Bell et al., 1998). The early Fgf8 domain is
patched indicating a mixing of expressing and non-expressing
cells but rapidly evolves to a more compact domain encompass-
ing the process of maturation of the AER (Crossley et al., 1996).
Fgf8 is considered the antonomasia marker of the AER as its
expression temporally and spatially accompanies the whole exist-
ence o  th  AER. For his precise reason, Fgf8 expression in the
limb ectoderm is consider d a synonym of the presence of AER
cells. Although, as will be discussed later, a morphological AER
does form in the absence of Fgf8, and lso in the absence of Fgf8
and Fgf4 (Lewandoski et al., 2000; Moon and Capecchi, 2000;
Sun et al., 2002; Boulet t al., 2004).
The temporal discrepancy between the early beginning of Fgf8
xpression in the limb ectoderm and the ub equ nt establish-
ment of the matu e AER led to the intr duction f the term “pre-
AER” to refer to the cells that exp ss Fgf8 but have not y t
developed the morphology of the AER (Loomis et al., 1998;
Kimmell et l., 2000) (Fig. 4). This discrepancy is at the root of the
distinction sometimes made between molecular and morphologi-
cal AER and reflects the fact that the AER can be defined by either
morphologic l or molecular cr teria.
In ontrast to Fgf8, he oth r AER-Fgfs show a much mor
temporally and spatially restricted patt rn of expression. Their
expression is detected only after the matur  AER has been
t li , fi  t   tr l- t ri r i   t  
l r l l t  f . r l , f  i  r  l  i  t
st ri r- ist l rt f t  , v r t  s r l r  f
greatest gro th ( is ander and artin, 1992; aunders 1948)
(Fig. 5 - ). Interestingly, the expression of Fgf4 in the  is
regulated by F F8, since, in the absence of Fgf8 it beco es
te porally and spatially upregulated ( oon and Capecchi, 2000;
Lewandoski et al., 2000).
The proof that FGFs were resp nsible for AER function came
from experiments showing that several FGFs could act as substi-
tutes for the AER (Niswander et al., 1993; Fallon et al., 1994). An
xogenous source of FGF applied to the distal limb mesoderm
immediately after the removal of the AER was capable of sustain-
ing further elongation of the bud and the development of a close
to normal limb. The exogenously applied FGF also prevented the
cell death that normally occurs after AER removal and maintained
normal gene expression in the underlying mesoderm (Rowe et al.,
1982; Fallon et al., 1994). Therefore, the AER-FGFs provide
prolifer tion/survival factors for the underlying mesoderm that
allow normal progression of limb development. Of particular
rel vance was the finding that several FGFs were even capable
of inducing a supernum rary limb when ectopically applied to the
flank interlimb region in chick embryos (Cohn et al., 1995). In the
mouse, chimeras containing Fgf4-expr ssing cells show small
ectopic outgrowths in the flank and application of FGF4 beads to
the flank region of mouse embryos in vitro induces the formation
of ectopic limb buds (Abud et al., 1996; Tanaka et al., 2000).
Besi es Fgfs, a growing number of enes are known to be
expressed in the AER (Fig. 5). These include transcription factors
such as En1 (Loomis et a ., 1996), Dlx2, 5 and 6  (Bulfone t al.,
1993; Robledo et al., 2002; Kraus and Lufkin, 2006), Msx2
(Davidson et al., 1991), and Sp8, Sp9 and Sp6 (Treichel et al.,
2003; Bell et al., 2003; Nakamura et al., 2004); components of
sign ling pathway  such s Bmp2, 4 and 7 (Francis et al., 1994;
Lyons et al., 1995) Wnt3a/Wnt3 (Kengaku et al., 1998; Barrow et
al., 2003), Notch1, Jag2 and Rfng (Radical fringe; Laufer et al.,
i i
B C D E FA
Histological n lyse of cellular morpholo
that both mouse fore- and hind limbs and t e oposs m
hind limbs possess a distinct, protruding AER separat-
ing the dorsal and ventral sides of the limb whereas the
opossum forelimb doe not (Fig. 2). In mouse limbs of
limb Stage 5, there is bvious thickening and compaction
of the ectoderm at the distal tip of the limb bud (Fig.
2a). Si ilarly, the opossum hind limb at li Stage 5
displays a significant thickening of the distal ectoderm,
where the AER is locat (Fig. 2c). Agai , the AER of
the opossum hi d limb is ot as pronounc d as that of
the mouse. In cont st, i the opossu forelimb at imb
Stage 5, the thickness of the ectoderm is uniform along
the distal edge of t e limb bud, and there is no noticea-
ble compaction o rotrusi n of c lls f rmi g an AER.
Fgf8 Expression is Conserved in
Opossum Limbs
Analys s of patterns and levels of Fgf8 expre sion
indicate that Fgf8 expression is conserved in opossum
limbs. As revealed by in situ hybridization, Fgf8 tran-
scripts are expressed in a solid line along the DV bound-
ary of both the developing fore- and hind limb in
opossums, in a similar manner to that previously docu-
mented in oth r tetrapods (Fig. 3; Crossley and Martin,
1995; Crossley et al., 1996; ooper et al., in press).
Moreover, semi-quantitativ RT-PCR analysis of the lev-
els of Fgf8 transcript rev led that the level of Fgf8
transcript is i distinguishable (p ¼ 0.8873) i mouse
and opo sum fore- nd ind limbs of com arable
Fig. 2. Histological sections of M. musculus (mouse) and M.
domestica (opossum) limbs during limb Stage 5, stained with hema-
toxylin and eosin. The AER can be seen protruding from the distal tip
of th limb bud in the mouse forelimb (A), and in the possum hind
limb (C), although the AER of the opossum hind limb is relatively less
prominent. However, even at the cellular level no physical AER ridge
can be detected along the DV boundary of the opossum forelimb (B).
Fig. 3. Fgf8 expression in M. domestica (opossum) fore- and hind
limbs. In situ hybridization reveals that Fgf8 is expressed (indicated by
black staining) normally in o os um forelimbs (A and B - Stage 28;
limb Stage 3) and hind limbs (C and D - Stage 30; li t 2).
Arrows indicate Fgf8 expression in the limb buds. (c) Semi-quantitative
RT-PCR reveals that Fgf8 is also expressed the same relative level in
the fore- (FL) and hind limbs (HL) of opossums (Mono.) and mouse,
Mus musc lus (Mus) at limb Stage 4.
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Our results with coquı́ indicate that it may be expendable
evolutionarily as well.
In th dev lopi g chick n l mb, a key gene acting up-
st eam, initiating Fgf signaling, is the ca onical Wnt family
member Wnt3a. Wnt3a is expressed early in the presumptive
AER where it ind ces expressi n of Fgf8 via h c nonical
β-cate in ign li g pathway an ther by promotes AER
formation (Kengaku et al. 1998). Subsequ ntly, Wnt3a is
expressed within the AER itself, initiating Fgf expression.
However, E Wnt3 is n t b erved t n oint duri g d -
velopment of coquı́ limb buds (Fig. 2, N–S). Absence of
EcWnt3a expression in th developing coquı́ limb may indi-
cate that a different W t a ily memb fulfi s the rol of t is
gene in inducing the xpr ssion f EcFgf8 in this species. Con-
sistent with this idea, Wnt3a is not expressed in the forming
mouse AER and is unnecessary f r eit er Fgf8 expression or
AER fo m tion. Inste d, ifferent ca o ical W t, Wnt3,
is expressed in the early distal ectoderm and plays exactly
these roles in the mouse (Barrow et al. 2003). This surprising
finding demonstrates t at two f mily members wit i ntical
signaling properties can substitute for on a other ver evo-
lutionary time, even though they are not expressed together
in a redundant fashion in any known species.
One of the key gene i vo ved in proximodistal xis for-
ation downstream of Fgf activity is Wnt5a, which is ex-
pressed i th und rlyi g distal mesenchyme of the d velop-
in limb (Dealy et al. 1993). W t5a is essential for the growth
but not the patterni g of pro im distal limb structures
(Yamaguchi t al. 1999). As in am iotes, expression of
EcWnt5a in early coquı́ limb buds remains largely diffuse
with a slight distal bias (Fig. 3, A an D). This distal expres-
si n pattern bec es mor dis inct later in development,
b comin m re pron nced i th igit l pad by stages TS
6/7 (Fig. 3, B and E). By TS 8, expression in the mature limb
bud is confined to portions of the eveloping digits as they
grow out from t e primary limb xis (Fig. 3, C and F). We
serve similar reduction in expression around the digits
of the hind limb, as observed in the chicken (Kawakami et al.
1999). However, and in contrast to several gene expression
pat rns, we do not observe a delay in expression of EcWnt5a
in the forelimb compared to the hind limb. Instead, expres-
sion of EcWnt5a in both limb buds proceeds at roughly the
sam pace in all four limbs.
One of the roles of Fgf activity in limb patterning is to
repress expression of the homeodomain transcription factors
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find that t e assumption is not corr ct.
This findi g has obvious implications for
our understanding of limb development
an  evolut n.
The prevailing v ew of limb tt r ing,
base  on experime ts in chick and mouse,
involves three distinct signalling centr s,
each controlling the differentiation of struc-
tures along o e of the anatomical xes of
the limb bud: proximodistal, anteropos-
terior and dorsoventral3. By using various
reagents we found that the proximodistal
and nteropost r r sy tems in Xen pus
appe r similar to t e mni t  speci ,
whereas the dorsove tral syst m appears to
be different (Fig. 1).
The model for dorsoventral patterning3
involves activation of the transcription fac-
tor En-1 in the ventral ectoderm at an e rly
stage. Expressi n of En-1 represse  the
expr ssion f tw  s gnalling molecules,
Wnt-7A and Radical fringe (Rf g), which
are therefore ade only in the dorsal ect -
derm. The Wnt-7A signal causes the dorsal
mesenchyme to form dorsal structures. The
Rfng signal participates in the induction of
the apical ectodermal ridge (AER), proba-
bly by potentiating the action of another
sign l, Se rate, o  its receptor Notch-1 (refs
4, 5). We have examined he expression of
the g nes en-1, Wnt-7A, Rfng and Notch-1
in Xenopus limb buds. Of these, only en-1 is
expressed in th  expecte  position, the 
v n ral epidermi . Th  ther three d  not
sh w the expected region lizatio , but are
x ressed in a iffus  man er rough-
out the limb bud in bot  ecto erm an
mesenchyme. We have confirmed that they
really ar expressed, and that the diffuse
staining is not just nonspecific background,
by RNase protectio s (Fig. 2).
The proximodistal pattern of amniote
limbs arises from t  sequ ntial formation
f structures from a m s nchymal prog s
zone, the develop ental lability f which is
maintained by fibroblast growth factors
(FGFs) secreted by the AER3. In Xenopus
ther  is an apical band of expression of
FGF-8, wh ch presumably functions as the
AER. There is also expression of the tran-
scrip ion f ctor Msx-1 in the underlyi g
progress zone. Th  anteroposteri r pa ter
arises in response to the secretion of Sonic
hedgehog (Shh) from the zone of polarizing
activity on the posterior side of the mes-
enchyme6. Xenopus has a similar localized
expressi  of Shh, and a si ilar expression
of Bmp-2, in both the zone of olarizing
Figure 1 In situ hybridization in Xenopu limb buds at st ge 50/51 (a,  c–h) or stag  53 (b) for the eight 
genes st died.
We also determined whether sibling
bonds might reduce the impact of the
maternal bond, as lambs and kids form
close bonds with a twin. However, cross-
fostering opposite-sex twins of the same
genetic species (kids, n=10; lambs, n=8) did
n t prevent the maternal influence on pref-
erences from occurring (Fig. 1a, b).
Sheep, like primates, can recognize indi-
viduals using facial cues6,7. In choice tests
using pictures of sheep and goat faces, we
found that these alone could elicit prefer-
ence for females of the maternal species and
that effects were again stronger in males
(Fig. 2). Thus the face appears to be an
important source of attraction. 
This strong maternal influence on social
and sexual preferences may function to pre-
vent cross-species matings. However, it has
been argued for avian species that sexual
imprinting may also ensure an optimal out-
breeding strategy, as cross-fostered individ-
uals prefer mates that differ only slightly in
appearance from their mothers8. The fact
that male offspring are affected more than
females, and apparently for life, is evidence
that they are indeed more potently influ-
enced by their mothers. This indirectly sup-
ports Freud’s concept of the Oedipus
complex and suggests that males may also
be less able than females to adapt to altered
social priorities.
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All limbs are not 
the same
Recent papers published in Nature have
assumed that the mechanism of limb
development in all vertebrates is the same1, 2.
But if mechanisms were conserved in all
tetrapods, we should expect to find them
in amphibians as well as in amniotes. We
have examined the expression of eight
important signalling and regulatory mol-
ecules in Xenopus imb developm nt nd
Xenopus	
B	
Amniote and anuran AER-specific Fgf ligands (8, 9, 17) are expressed
exclusively in axolotl limb mesenchyme
Proximal-distal outgrowth of the limb bud and maintenance of Shh-signaling from the ZPA are regu-
lated in tetrapods by the AER, and specifically by Fgf-signaling (Lewandoski et al., 2000;
Mariani et al., 2008; Niswander et al., 1993; Saunders, 1948). Several Fgfs are expressed in the
anuran and amniote AER (i.e. Fgf4, 8, 9, 17), but Fgf8 alone is required for cell survival and limb bud
outgrowth (L wandoski et al., 2000; Sun et al., 2002). Although an AER does not form during limb
development in the direct developing frog Eleutherodactylus coqui (Gross et al., 2011) or the mar-
supial Monodelphis domestica (Doroba and Sears, 2010), AER-Fgfs are still restricted to, and
expressed, in the ectoderm. Because salamanders lack a morphological AER, we asked if Fgf4, 8, 9
and 17 were expressed in the axolotl limb bud ectoderm. In contrast to anurans and amniotes, we
found that Fgf8, Fgf9 and Fgf17 were solely expressed in the mesenchyme (Figure 3A–C and
Supplementary file 1). We could not consistently detect Fgf4 during limb development and, when
we did, it was expressed at very low levels in the mesenchyme only (Figure 3—figure supplement
1). At stage 44, we detected Fgf8 in a broad mesenchymal zo e directly benea h the ctoderm
(Figure 3A). gf8 expression persisted in the distal mesenchyme un il stage 47 when it segregated
Figure 3. Amniote a d a uran AER-specific Fgf liga ds (8, 9, 17) a e express exclusively in xolo l limb mes nchy . (A, C–E) Dorsal views of stage
44–49 axolotl for limb with anterior (A) on to and o terior (P) on the bottom of eac panel. R d rrow indicate expres o domains. (A) Gremlin1
and Fgf8 expression t forelimb st es 44–49. Gr mlin1 is first xpres ed distally acr ss the anteroposterior axis at stage 45. As the limb bud lengthens
Gremlin1 expression becomes c ntralize at th d veloping z ugo d and remain tr gly expressed through stage 47. Between stages 48 and 49
Gremlin1 expr ssi n becomes posterio ly rest icted. Fgf8 is expressed xclusively in he mesenchyme (sta s 44–48). Fgf8 expression is first detected
at stage 44 with a slight anterior bias t at expa ds istally until stage 46 a d then shifts proximally. Fgf8 expression was not detected at stage 49. (B)
Fgf8 expression at stage 46 begins to segregat dor ve rally a d ultimately separates into se r te dor al nd ventral omains a stages 47–48.
Anteri r view of right limbs with orsal side on top and ventral side n b tom. (C) Fgf9 show i tal xpr ssion at st g s 45–46 with an additional
proximal domain at stage 46. Fgf17 is expressed dista ly with a post rior bias at stage 46 Fgf10 aintains distal mesenc y al expression at stages 45–
46. (D) FgfR1 and FgfR2 are expressed r ximally at stages 44–46. (E) Sch matic present ion of expression pattern fo Fgf8, Fgf9, Fgf17, Fgf10,
FgfR1 and FgfR2 at stages 44–46. Black brackets show the ectodermal layer.
DOI: https://doi.org/10.7554/eLife.48507.010
Th following figure supplement is available for figure 3:
Figure supplement 1. Fgf4 is expressed at extremely low levels in the limb mesenchyme.
DOI: https://doi.org/10.7554/eLife.48507.011
Purushotha an et al. eLife 2019;8:e48507. DOI: https://doi.org/10.7554/eLife.48507 6 of 28
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Amniote and anuran AER-specific Fgf ligands (8, 9, 17) are expressed
exclusively in axolotl limb mesenchyme
Proximal-distal outgrowth of the limb bud and maintenance of Shh-signaling from the ZPA are regu-
lated in tetrapods by the AER, and specifically by F f-signaling (Lewandoski et al., 2000;
Mariani et al., 2008; Niswander et al., 1993; Saunders, 1948). Several Fgfs are expressed in the
anuran and amniote AER (i.e. Fgf4, 8, 9, 17), but Fgf8 alone is required for cell survival and limb bud
outgrowth (Lewandoski et al., 2000; Sun et al., 2002). Although an AER does not form during limb
development in the direct developing frog Eleutherodactylus coqui (Gross et al., 2011) or the mar-
supial Monodelphis domestica (Doroba and Sears, 2010), AER-Fgfs are still restricted to, and
ex ressed, in the ctoderm. Because salamanders lack a morphological AER, we asked if Fgf4, 8, 9
and 17 wer xpressed in the axolotl limb bud ectoderm. In contrast to anurans and amniotes, we
found th t Fgf8, Fgf9 and Fgf17 w re solely expressed in the mesenchy e (Figure 3A–C and
Supplementary file 1). We could not consistently detect Fgf4 during limb development and, when
we did, it was expressed at very low levels in the mesenchyme only (Figure 3—figure supplement
1). At stage 44, we detected Fgf8 in a broad mesenchymal zone directly beneath the ectoderm
(Figure 3A). Fgf8 expression persisted in the distal mesenchyme until stage 47 when it segregated
Figure 3. Amniote and anuran AER-specific Fgf ligands (8, 9, 17) are expressed exclusively in axolotl limb mes nchyme. (A, C–E) Dorsal vi w of tage
44–49 axolotl forelimbs with anterior (A) on top and po terior (P) on the bottom of each panel. R d arrows indicate exp ssion domains. (A) Gremlin1
and Fgf8 expression at forelimb stages 44–49. Gremlin1 is first expressed distally across the anteropo terior axis at stage 45. As the limb bud l ngthens
Gremlin1 expression becomes centralized at the developing zeugopod and remains strongly expressed through stage 47. Between stages 48 and 49
Gremlin1 expression becomes posteriorly restricted. Fgf8 is expressed exclusively in the mesenchyme (stages 44–48). Fgf8 expression is first detected
at stage 44 with a slight anterior bias that expands distally until stage 46 and th shifts proximally. Fgf8 expression was not det ct d at stage 49. (B)
Fgf8 expression at stage 46 begins to segregate dorsoventrally and ultimately separates into separat d rsal and ventral domains at stages 47–48.
Anterior view of right limbs with dorsal side on top and ventral side on bottom. (C) Fgf9 shows distal xpression at stages 45–46 with an dditi al
proximal domain at stage 46. Fgf17 is expressed distally with a post rior bias at stage 46. Fgf10 intains distal mesenchymal expression t stages 45–
46. (D) FgfR1 and FgfR2 are expressed proximally at stages 44–46. (E) Schematic representation of expression patterns for Fgf8, Fgf9, Fgf17, Fgf10,
FgfR1 and FgfR2 at stages 44–46. Black brackets show the ectodermal layer.
DOI: https://doi.org/10.7554/eLife.48507.010
The following figure supplement is available for figure 3:
Figure supplement 1. Fgf4 is expressed at extremely low levels in the limb mes nchyme.
DOI: https://doi.org/10.7554/eLife.48507.011
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that	 limbs	are	 formed,	but	 smaller	 in	 size	and	with	 impairments	of	 the	skeletal	patterning	
(Lewandoski	et	al.,	2000;	Mariani	et	al.,	2008;	Moon	&	Capecchi,	2000;	Sun	et	al.,	2000).	
This	 is	 roughly	 in	 accordance	 with	 the	 molecular	 processes	 taking	 place	 during	 zebrafish	
pectoral	fin	development.	In	zebrafish	pectoral	fins	four	different	Fgf	genes	were	shown	to	
be	expressed	in	the	AER,	which	are	Fgf4,	Fgf8a,	Fgf16	and	Fgf24	(Fischer	et	al.,	2003;	Muto	




et	 al.,	 2003).	 A	 knockdown	 of	 Fgf16	 also	 impaired	 pectoral	 fin	 outgrowth	 leading	 to	 a	
significant	 reduction	of	 their	 size	 (Laurell	 et	al.,	 2014;	Nomura	et	al.,	 2006).	 In	 contrast	 to	






and	Fgf14,	 are	 specfically	 expressed	 in	 the	AER	during	pectoral	 fin	 formation	 in	 slightly	 different	 time	
spans.	The	expression	was	determined	by	WISH	and	the	respective	patterns	were	documented	at	36	hpf	
(C,D),	 40	hpf	 (A,B)	 and	 48	hpf	 (E-H).	 Embryos	 are	 shown	 in	 dorsal	 view	 with	 anterior	 to	 the	 top.	
Expression	domains	are	marked	with	arrows.	Pictures	taken	and	modified	from	Muto	et	al.,	2014.	
	
A	 completely	 different	 picture	 emerges	 if	 the	 limb	 development	 in	 axolotls	 is	 considered	
(Purushothaman	 et	 al.,	 2019).	 In	 this	 salamander	 species,	 Fgf8	 expression	 was	 detected	
exclusively	 in	 the	mesenchyme	throughout	 limb	development.	First	visible	 in	stage	44,	 the	
expression	 domain	 located	 in	 the	 most	 distal	 part	 of	 the	 limb	 bud,	 just	 beneath	 the	
ectodermal	 layer.	 Later	 in	 stage	 47,	 the	 area	 is	 segregated,	 now	 forming	 two	 distinct	
domains	on	the	dorsal	and	ventral	side	(Fig.	46A).	In	addition	to	Fgf8,	other	components	of	
the	Fgf	signalling	pathway	were	investigated	for	their	expression	in	the	axolotl	limb	bud.	For	
Fgf9,	 Fgf10,	 Fgf17	 a	 specific	 WISH	 staining	 was	 observed,	 which	 was	 in	 each	 case	 also	
expressed in the ZPA at 24 hpf and expression progressively
increases until 36 hpf (Figure 3A–B) [56]. In Nipbl-deficient limb
buds, shha and ptch2 expression was r duced at these sta es
(Figure 3A, B). shha and ptch2 expression levels were also reduced
in the intestine (where Nipbl is also required for development [11];
Figure 3A, B, asterisks), but unaffected in the notochord and
neural tube (Figure 3A, B and unpublished data), suggesting a
tissue-specific requirement for Nipbl in the expression of Shh and
its receptor.
Hand2 regulates Shh expression in fin/limb buds [56–58], and
we found that hand2 expression was also reduced in Nipbl-
deficient fin buds (36 and 40 hpf) compared with stage-matched
controls (32 and 36 hpf) (Figure 3C). In mouse limb buds, anterior
expression of the transcriptional repressor, Gli3, restricts expres-
sion of Hand2 posteriorly [59]. Zebrafish pectoral fin buds also
express gli3 [60] but its expression was not affected by reduction of
Nipbl (Figure 3D).
Mammalian Hand2 acts together with the products of 59-Hoxd
genes [58] in the regulation of Shh expression. In pectoral fin buds
of Nipbl-deficient embryos, we found that 59-hoxd genes, including
hoxd9a-d13a (Figure 4A), were significantly downregulated (Fig-
ure 4B). Importantly, fin bud expression of hand2, hoxd10a, shha
and ptch2 could all be partially rescued by exogenous nipbla
mRNA (Figure S8).
Retinoic acid (RA) produced in anterior somites also regulates
shha expression in pectoral fin buds (12–22 hpf [42–44,61]), as
well as fin bud expression of fgf10a. However, we found no
differences in expression of either the RA synthesizing enzyme
aldh1a2 or the RA degradation enzyme and target gene, cyp26a1,
at 13 and 19 hpf in Nipbl-deficient embryos (Figure S9).
Together, these findings indicate that Nipbls regulate the 59-
hoxd/hand2/shha signaling cascade, but do not affect the tbx5a/
fgf24/fgf10a pathway that lies downstream of RA signaling,
during vertebrate limb development.
Nipbls regulate expression of hox genes according to
their genomic location
Hox genes belong to 13 paralog groups organized in four
(mammals) or seven (zebrafish) clusters; the HoxA and D clusters
are crucial for limb/fin development [56,62,63]. The most 39-
located genes (39-Hox), such as Hoxd1, are expressed earliest in
mouse limb buds, whereas expression of 59-located genes (59-Hox,
d10-d13) begins later [64,65]. 59-Hoxd gene expression occurs
first in proximal limb buds, where it is required for Shh expression
in the ZPA to establish A-P patterning [55,66], and is later
restricted distally in limb buds, where it is required for proper digit
formation [64,65]. Expression of hoxd genes in zebrafish fin buds is
reminiscent of that in proximal mouse limb buds but appears to
lack the second wave of distal expression, consistent with the lack
of digits in ray-finned fish [64].
Examination of expression of multiple hox genes from the Hoxa
(hoxab), Hoxc (hoxca), and Hoxd (hoxda) clusters in the fin buds of
Nipbl-deficient embryos revealed that changes in expression
correlated strongly with positions of genes within clusters
(Figures 4–5). Expression of five hoxd genes located at the 59 ends
of the hoxda cluster (hoxd9a-d13a) was severely reduced
(Figure 4B), while expression of two hoxd genes located more 39
in the cluster, hoxd3a and hoxd4a, expanded to encompass the
entire bud (Figure 4C). Similarly, expression of 59-genes in the
hoxab cluster—such as hoxa9b, a10b, and a13b—was significantly
Figure 2. Reduced expression of fgfs in the AER of Nipbl-deficient embryos. Expression of fgf4 (A), fgf8a (B), fgf16 (C) and fgf24 (D) in the
AER (arrows) at indicated stages in control and Nipbl-deficient embryos examined by ISH. Dorsal views, anterior to the top.
doi:10.1371/journal.pgen.1004671.g002
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expressed in the ZPA at 24 hpf a d expression progressively
increases until 36 hpf (Figure 3A–B) [56]. In Nipbl-deficient limb
buds, shha and ptch2 expre sion was redu ed at the e stage
(Figure 3A, B). shha and ptch2 expression levels were also reduced
in the intestine (where Nipbl is also required fo development [11];
Figure 3A, B, asterisks), but unaffected in the notochord and
neural tube (Figure 3A, B and unpublished data), suggesti g a
tissue-specific requirement for Ni bl in the expression of Shh and
its receptor.
Hand2 regulates Shh expression in fin/limb buds [56–58], and
we found that hand2 expressio was also reduced in Nipbl-
deficient fin buds (36 and 40 hpf) compared with stage-matched
controls (32 and 36 hpf) (Figure 3C). In mouse limb buds, anterior
expression of the transcriptional repressor, Gli3, es ricts expres-
sion of Hand2 posteriorly [59]. Zebrafish pectoral fin buds also
express gli3 [60] but its expression was not affected by reduction of
Nipbl (Figure 3D).
Mammalian Hand2 acts together with the products of 59-Hoxd
genes [58] in the regulation of Shh expression. In pectoral fin buds
of Nipbl-deficient embryos, we found that 59-hoxd genes, inclu ing
hoxd9a-d13a (Figure 4A), were significantly downregulated (Fig-
ure 4B). Importantly, fin bud expression of hand2, hoxd10a, hha
and ptch2 could all be partially res ued by exogenous nipbla
mRNA (Figure S8).
Retinoic acid (RA) produced i anterior somites also regulates
shha expression in pectoral fin buds (12–22 hpf [42–44,61]), as
well as fin bud expression of fg 10a. Howev r, we found no
differences in expression of ither the RA synthesizing enzyme
aldh1a2 or the RA degrad tion enzyme and target gene, cyp26a1,
at 13 and 19 hpf in Nipbl-deficie t embryos (Figure S9).
T gether, these findings indicate that Nipbls re ulate the 59-
hoxd/hand2/shha signaling cascade, but do not affect the tbx5a/
fgf24/fgf10a pathway that lies downstream of RA signaling,
during vertebrate limb development.
Nipbls regulate expression of hox gen s according to
their genomic location
Hox genes belong to 13 paralog groups organized in four
(mammals) or seven (zebrafish) clusters; the HoxA and D clusters
are crucial for limb/fin development [56,62,63]. The most 39-
located genes (39-Hox), such as Hoxd1, are expressed earliest in
mouse limb buds, whereas expr ssion of 59-located genes (59-Hox,
d10-d13) begins later [64,65]. 59-Hoxd gene expression occurs
first in proximal limb buds, where it is required for Shh express on
in the ZPA to establish A-P patterning [55,66], and is later
restricted distally in limb buds, where it is required for proper digit
formation [64,65]. Expressi n of hoxd genes in zebraf sh fin buds is
reminiscent of that in proxi al mouse limb buds but appears to
lack the second wave of distal expression, consistent with the lack
of digits in ray-finned fish [64].
Examination of expression of ultiple h x genes fr m the Hoxa
(hoxab), Hoxc (hoxca), and Hoxd (hoxda) clusters i the fin buds of
Nipbl-d ficient embryos revealed that changes in expression
correlated strongly with positions of enes within clusters
(Figures 4–5). Expr sion of five hoxd genes located at th 59 ends
of the hoxda clu ter (hoxd9a-d13a) was severely reduced
(Figure 4B), while expression of two hoxd genes located more 39
in the cluster, hoxd3a and hoxd4a, expanded to encompass the
entire bud (Figure 4C). Similarly, expression of 59-genes in the
hoxab cluster—such as hoxa9b, a10b, and a13b—was significantly
Figure 2. Reduced expression of fgfs in the AER of Nipbl-de ic ent mbry s. Expression of fgf4 (A), fgf8a (B), fgf16 (C) and fgf24 (D) in the
AER (arrows) at indicated stages in control a Nipbl-deficient embryos examined by ISH. Dorsal views, ant rior to the t p.
doi:10.1371/journal.pgen.1004671.g002
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expressed in the ZPA at 24 hpf and expression progressively
increases until 36 hpf (Figure 3A–B) [56]. In Nipbl-deficient limb
buds, shha and ptch2 expression was reduced at these stages
(Figure 3A, B). shha and ptch2 expression levels were also reduced
in the intestine (where Nipbl is also required for development [11];
Figure 3A, B, asterisks), but unaffected in the notochord and
neural tube (Figure 3A, B and unpublished data), suggesting a
tissue-specific requirem nt for Nipbl in the expression of Shh a d
its receptor.
Hand2 regulates Shh expression in fin/limb buds [56–58], and
we found that hand2 expression was also reduced in Nipbl-
eficie t fin buds (36 an 40 hpf) compared with stage-matched
controls (32 and 36 hpf) (Figure 3C). In mouse limb buds, anterior
expression of the transcriptional repressor, Gli3, restricts expres-
sion f Hand2 posteriorly [59]. Zebrafish p ctoral fin buds also
express gli3 [60] but its expression w s not ffected by r duction of
Nipbl (Figure 3D).
Mammalian Hand2 acts together with the products of 59-Hoxd
g nes [58] in the regulation of Shh expression. In pectoral fin buds
of Nipbl- eficient embryos, we fo nd that 59-hoxd genes, includi g
hoxd9a-d13a (Figure 4A), were significantly downregulated (Fig-
ure 4B). Importantly, fin bud expression of ha d2, hoxd10a, shha
and ptch2 could all be partially rescued y exogenous nipbla
mRNA (Figure S8).
Reti oic acid (RA) produced in anterior somites also regul t s
shh xpression in p ctoral fi s (12–22 hpf [42–44,61]), as
well as fin bud expression of f f10a. However, we foun no
differenc s n expre sion of either the RA synth sizing e zyme
ldh1a2 r the RA degradation e zyme nd target gene, cyp26a1,
at 13 and 19 hpf in Nipbl-d fic ent embryos (Figure S9).
Together, these findings indicate that Nipbls regulate the 59-
hoxd/hand2/shha signaling cascade, but do not affect the tbx5a/
fgf24/fgf10a pathway that lies downstream of RA signaling,
during vertebrate limb development.
Nipbls regulate expression of hox genes according to
their genomic location
Hox genes belong to 13 paralog groups organized in four
(mammals) or seven (zebrafish) clusters; the HoxA and D clusters
are crucial for limb/fin development [56,62,63]. The most 39-
located genes (39-Hox), such as Hoxd1, are expressed earliest in
mouse limb buds, whereas expression of 59-located genes (59-Hox,
d10-d13) begins later [64,65]. 59-Hoxd gene expression occurs
first in proximal limb buds, where it is required for Shh expression
in the ZPA to establish A-P patterning [55,66], and is later
restricted distally in limb buds, where it is required for proper digit
formation [64,65]. Expression of hoxd genes in zebrafish fin buds is
reminiscent of that in proximal mouse limb buds but appears to
lack the second wave of distal expression, consistent with the lack
of digits in ray-finned fish [64].
Examination of expression of multiple hox genes from the Hoxa
(hoxab), Hoxc (hoxca), and Hoxd (hoxda) clusters in the fin buds of
Nipbl-deficient embryos revealed that changes in expression
correlated strongly with positions of genes within clusters
(Figur s 4–5). Expression of five hoxd genes located at the 59 ends
of the hoxda cluster (hoxd9a-d13a) was severely reduced
(Figure 4B), while expression of two hoxd genes located more 39
in t e cluster, hoxd3a and hoxd4a, expanded to encompass the
entire bud (Figure 4C). Similarly, expression of 59-genes in the
h xab cluster—such as hoxa9b, a10b, and a13b—was significantly
Figure 2. Reduced expr ssi n of fgfs in the AER of Nipbl-deficient embryos. Expr ssion of fgf4 (A), fgf8a (B), fgf16 (C) and fgf24 (D) in the
AER (arrows) at indicated stages in control and Nipbl-deficient embryos examined by ISH. Dorsal views, anterior to the top.
doi:10.1371/journal.pgen.1004671.g002
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expressed in the ZPA at 24 hpf a d expression progressively
increases until 36 hpf (Figure 3A–B) [56]. In Nipbl-deficient limb
buds, shha and ptch2 expre sion was redu ed at the e stage
(Figure 3A, B). shha and ptch2 expression levels were also reduced
in the intestine (where Nipbl is also required fo development [11];
Figure 3A, B, asterisks), but unaffected in the notochord and
neural tube (Figure 3A, B and unpublished data), suggesti g a
tissue-specific requireme t for Ni bl in the expression of Shh and
its receptor.
Hand2 regulates Shh expression in fin/li b buds [56–58], and
we f und that hand2 expressio was also reduced in Nipbl-
deficient fin buds (36 and 40 hpf) compared with stage-matched
controls (32 and 36 hpf) (Figure 3C). In mouse limb buds, anterior
expression of the transcriptional repressor, Gli3, es ricts expres-
sion f Hand2 posteriorly [59]. Z brafish pectoral fin buds also
exp ss gli3 [60] but its expression w s not ffected by r uction of
Ni bl (Figure 3D).
Mammalian Hand2 acts together with the products of 59-Hoxd
genes [58] in the regulation of Shh expression. In pectoral fin buds
of Nipbl- eficient embryos, we fo n that 59-hoxd genes, inclu i g
hoxd9a-d13a (Figure 4A), w re significantly downre ulated (Fig-
ure 4B). Importantly, fin bud expressio of hand2, hoxd10a, shha
and ptch2 could all be partially res ued y exogenous nipbla
mRNA (Figure S8).
Reti ic acid (RA) produced in anterior somites also regul t s
shh ex ression in pectoral fin (12–22 hpf [42–44,61]), as
well as fin bud expression of f 10a. Howev r, we foun no
differences in expression of ither the RA synthesizing enzyme
ldh1a2 or the RA d grad tio enzyme nd target g ne, cyp26a1,
at 13 and 19 hpf in Nipbl-defic e t embryos (Figure S9).
T gether, these findings indicate that Nipbls re ulate the 59-
hoxd/hand2/shha signaling cascade, but do not affect the tbx5a/
fgf24/fgf10a pathway that lies downstream of RA signaling,
during vertebrate limb development.
Nipbls regulate expression of hox gen s according to
their genomic location
Hox genes belong to 13 paralog groups organized in four
(mammals) or seven (zebrafish) clusters; the HoxA and D clusters
are crucial for limb/fin dev lopmen [56,62,63]. The most 39-
located genes (39-Hox), such as Hoxd1, are expressed earliest in
mouse limb buds, whereas expr ssion of 59-located genes (59-Hox,
d10-d13) begins later [64,65]. 59-Hoxd gene expression occurs
first in proximal limb buds, where it is required for Shh express on
in the ZPA to establish A-P patterning [55,66], and is later
restricted distally in limb buds, where it is required for proper digit
formation [64,65]. Expressi n of hoxd genes in zebraf sh fin buds is
reminiscent of that in proxi al mouse limb buds but appears to
lack the second wave of distal expression, consistent with the lack
of digits in ray-finned fish [64].
Examination of expression of ultiple h x genes fr m the Hoxa
(hoxab), Hoxc (hoxca), and Hoxd (hoxda) clusters i the fin buds of
Nipbl-d ficient embry s revealed that changes in expression
correlated strongly with position of enes within clusters
(Figur 4–5). Exp sion of five hoxd ge es located at th 59 ends
of the h xda clu ter (hoxd9a-d13a) was severely reduced
(Figure 4B), while expression of tw hoxd genes located more 39
in t e clus er, hoxd3a and oxd4a, expanded to encompass the
entire bud (Figure 4C). Similarly, expr ssion of 59-genes in the
h xab cluster—such as hoxa9b, a10b, and a13b—was significantly
Figure 2. Reduced xpression of fgfs in the AER of Nipbl-de ic ent mbry s. Expression of fgf4 (A), fgf8a (B), fgf16 (C) and fgf24 (D) in the
AER (arrows) at indicated stages in control a Nipbl-deficient embryos examined by ISH. Dorsal views, ant rior to the t p.
doi:10.1371/journal.pgen.1004671.g002
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blast growth factor (Fgfs) family. Four members of this numerous
family, Fgf8, Fgf4, Fgf9 and Fgf17, show a restricted pattern of
expression in the AER during mouse and chick limb development
and, accordingly, they are referred to as AER-Fgfs (reviewed in
Martin, 1998; Tickle and Munstenberg, 2001). In addition, two other
Fgfs are expressed in the chick AER: Fgf2, which is also expressed
in the limb ectoderm and underlying mesoderm (Savage et al.,
1993; Dono and Zeller, 1994), and Fgf19 (Kurose et al., 2004).
Fgf8 expression is detected in the limb surface ectoderm from
the earliest stages of limb development (16HH in the chick wing
and E9 in th  mouse forelimb) (Fig. 4), a d it  expression i
considered to mark the precursors of the AER (Martin, 1998;
Loomis et al., 1998; Bell et al., 1998). The early Fgf8 domain is
patched indicating a mixing of expressing and non-expressing
cells but rapidly evolves to a ore compact domain encompass-
ing the process of maturation of the AER (Cro sley t al., 1996).
gf8 is consid red the antonomasia marker of th  AER as its
expression temporally and spatially accompanies the whole exist-
ence of the AER. For this precise reason, Fgf8 expression in the
limb ectoderm is considered a synonym of the presence of AER
cells. Although, as will be discussed later, a morphological AER
do  form i  the abs nce of Fgf8, and also in the absence of Fgf8
and Fgf4 (Lewandoski t al., 2000; Moon a d Capecchi, 2000;
Sun et al., 2002; Boulet et al., 2004).
The temporal discrepancy between the early beginning of Fgf8
expression in the limb ctoderm and the subsequent establish-
ment of the mature AER led t  the i troduction of the term “pre-
AER” to fer to he cells th t express Fgf8 bu  have not yet
dev loped the m rphology f the AER (L omis et al., 1998;
Kimmell et al., 2000) (Fig. 4). Thi  discrepancy is at the root of t e
distinction sometimes made between molecular and morphologi-
cal AER and reflects the fact that the AER can be defined by either
morphological or molecular criteria.
In contrast to Fgf8, the other AER-Fgfs show a much more
tempor lly and sp i lly r strict d pattern of xpre ion. Th i
xpression is detect d only after th  mature AER has b n
established, confined to a central-posterior domain and at a much
lower level than Fgf8. For example, Fgf4 is expressed only in the
posterior-distal part of the AER, over the mesodermal area of
greatest growth (Niswander and Martin, 1992; Saunders 1948)
(Fig. 5A-B). Interestingly, the expression of Fgf4 in the AER is
regulated by FGF8, since, in the absence of Fgf8 it becomes
temporally and spatially upregulated (Moon and Capecchi, 2000;
Lewandoski et al., 2000).
The proof that FGFs were responsible for AER function came
from experiments showing that several FGFs could act as substi-
tutes for the AER (Niswander et al., 1993; Fallon et al., 1994). An
exogenous source of FGF applied to the distal limb mesoderm
immediately after the removal of the AER was capable of sustain-
ing further elongation of the bud and the development of a close
to normal limb. The exogenously applied FGF also prevented the
cell death that normally occurs after AER removal and maintained
normal gen  expression in the underlying mesoderm (Rowe et al.,
1982; Fallon et al., 1994). Therefore, the AER-FGFs provide
proliferation/survival factors for the underlying mesoderm that
allow normal progression of limb development. Of particular
relevance was the finding that several FGFs were even capable
of inducing a supernumerary limb when ectopically applied to the
fl nk interlimb region in chick mbryos (Cohn et al., 1995). In the
mouse, chimeras c ntaining Fgf4-expressing cells show small
ectopic outgrowths in the flank and application of FGF4 beads to
the flank region of mouse embryos in vitro induces the formation
of ectopic limb buds (Abud et al., 1996; Tanaka et al., 2000).
Besides Fgfs, a growing number of genes are known to be
expressed in the AER (Fig. 5). These include transcription factors
su h a  En1 (Loomis et al., 1996), Dlx2, 5 and 6  (Bulfone et al.,
1993; Robledo et al., 2002; Kraus and Lufkin, 2006), Msx2
(Davidson et al., 1991), and Sp8, Sp9 and Sp6 (Treichel et al.,
2003; Bell et al., 2003; Nakamura et al., 2004); components of
signaling pathways such as Bmp2, 4 and 7 (Francis et al., 1994;
Lyons et al., 1995) Wnt3a/Wnt3 (Kengaku et al., 1998; Barrow et
l., 2003), Notch1, Jag2 and Rfng (Radical fringe; Laufer et al.,
Fig. 5. Expression of Fgf8, Fgf4, Msx2, Bmp4, Bmp7 and Bmp2 in the chick limb bud. All the panels are ventral pictures of chick wings (top) and
legs (bottom) stage 22-23HH after hybridization with the specific probe indicated on the top. Note the difference in anterior-posterior extension of
the domains of expression.









447Fgf8 expression in the mouse embryo
the FGF8 protein is encoded in at least three separate exons
(here termed exons 1a, b, and c) rather than the single exon
found in other FGF family members. Differential exon usage
and the differential use of splice donor and splice acceptor sites
within these three exons makes possible the production of a
family of secreted FGF8 polypeptides, apparently differing
only in a short domain that lies between the signal sequence
and the start of the conserved FGF core. It is not yet known
whether particular isoforms are uniquely expressed in specific
tissues during embryogenesis or in the adult.
These data show that the Fgf8 gene can produce a remark-
able range of secreted protein isoforms. The functional signif-
icance of this isoform diversity remains to be determined, but
could be related to the fact that the different predicted proteins
may be glycosylated to different extents. N-linked glycosyla-
tion may be important in regulating FGF activity, as suggested
Fig. 6. Localization of Fgf8 RNA
in the developing head and neck.
(A) Schematic diagram
illustrating the generic structure
of the branchial arch region in a
vertebrate embryo, and showing
the spatial relationships of the
pharyngeal endoderm, surface
ectoderm and neural crest cell
populations that constitute the
pharyngeal arches, grooves and
pouches. (Reprinted from
Frohman et al., 1990).
(B) Transverse section of the
E8.0 embryo (shown in 5C and
G) localizing Fgf8 RNA to cells
in the ventrolateral walls of the
foregut endoderm, in the
overlying surface ectoderm, and
in the intervening lateral
mesoderm. (Magnification =
~120×). (C) Frontal section
through the pharyngeal region of
an E9.5 embryo showing that
Fgf8 RNA is highly restricted to
the pharyngeal pouch endoderm
and surface ectoderm of the
branchial grooves, and is also
localized in the surface ectoderm
of the first pharyngeal arch. (Magnification = 60×). (D) Frontal view of a E9.5 embryo (whole-mount preparation), showing Fgf8 RNA in two
patches of surface ectoderm (arrowheads) in the region of the prospective nasal placodes. High levels of Fgf8 RNA are also detected in the
commissural plate of the forebrain and in the surface ectoderm of the maxillary and mandibular components of the first branchial arch.
(Magnification = ~50×). (E) Frontal view of an E10.5 embryo (whole-mount preparation) showing Fgf8 RNA in ectodermal cells surrounding
the nasal pits, in the surface ectoderm of the upper (maxilla) and lower (mandible) jaw anlage, and in the commissural plate and pharyngeal
grooves.(Magnification = ~25×). Abbreviations: cp, commissural plate; ma, mandibular component of the first pharyngeal arch; me, mesoderm;
mx, maxillary component of the first pharyngeal arch; ng, neural groove; np, nasal pit; pa I-III, pharyngeal arches I-III; pe, pharyngeal
endoderm; pg, pharyngeal groove; pp, pharyngeal pouch; se, surface ectoderm.
Fig. 7. Localization of Fgf8 RNA in the developing limb bud. (A,B) Transverse sect ons of an embryo with a stage 1 orelimb bud (A) and an
embryo with a stage 2-3 forelimb bud (B) hybridized with a radiolabeled antisense probe for Fgf8. At stage 1, Fgf8 RNA is localized in the
ventral ectoderm of the limb bud, whereas at stage 2-3 it is restricted to the developing AER. (Magnification = ~100×). (C) Whole-mount E10.5
embryo with limb buds at stage 3. Fgf8 RNA is detected at high levels along the length of the AER in both the forelimb and hindlimb buds.
(Magnification = ~16×). Abbreviations: AER, apical ectodermal ridge; D, dorsal; fl, forelimb bud; hl, hindlimb bud; nt, neural tube; V, ventral. 
Histological analyses of cellular morphology confirm
that both mouse for - and hind limbs and the opossu
hind limbs p ssess a distinct, p otruding AER separat-
ing the dorsal and ventral sides of the limb, whereas the
opossum forelimb does not (Fig. 2). In mouse limbs of
limb Stage 5, there is obvious thickening and compaction
of the ectoderm at the distal tip of the limb bud (Fig.
2a). Similarly, the opossum hind limb at limb Stage 5
displays a significant thickening of the distal ectoderm,
where the AER is located (Fig. 2c). Again, the AER of
the opossum hind limb is not as pronounced as that of
the mouse. In contrast, in the opossum forelimb at limb
Stage 5, the thickness of the ectoderm is uniform along
the distal edge of the limb bud, and there is no noticea-
ble compaction or protrusion of cells forming an AER.
Fgf8 Expression is Conserved in
Opossum Limbs
Analyses of patterns and levels of Fgf8 expression
indicate that Fgf8 expression is conserved in opossum
limbs. As revealed by in situ hybridization, Fgf8 tran-
scripts are expressed in solid line along the DV bound-
ry of both the developing fore- and hind limb in
opossums, in a similar manner to that previously docu-
mented in other tetrapods (Fig. 3; Crossley and Martin,
1995; Crossley et al., 1996; Cooper et al., in press).
Moreover, semi-quantitative RT-PCR analysis of the lev-
els of Fgf8 transcript revealed that the level of Fgf8
transcript indistinguishable (p ¼ 0.8873) in mouse
and opossum fore- and hind limbs of comparable
Fig. 2. Histological sections of M. musculus (mouse) and M.
domestica (opossum) limbs during limb Stage 5, stained with hema-
toxylin and eosin. The AER can be seen protruding from the distal tip
of the limb bud in the mouse forelimb (A), and in the opossum hind
limb (C), although the AER of the opossum hind limb is relatively less
prominent. However, even at the cellular level no physical AER ridge
can b detected along the DV boundary of the opossum forelimb (B).
Fig. 3. Fgf8 expression in M. domestica (opossum) fore- and hind
limbs. In situ hybridization reveals that Fgf8 is expressed (indicated by
black staining) normally in opossum forelimbs (A and B - Stage 28;
limb Stage 3) and hind limbs (C and D - Stage 30; limb Stage 2).
Arrows indicate Fgf8 expression in the limb buds. (c) Semi-quantitative
RT-PCR reveals that Fgf8 is also expressed the same relative level in
the fore- (FL) and hind limbs (HL) of opossums (Mono.) and mouse,
Mus musculus (Mus) at limb Stage 4.
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Fig. 2. EcFgf8, EcFgf4, and EcWnt3a
expression in coquı́ i buds. EcFgf8
is strongly expressed in the region that
corresponds to the AER through all
stages of development analyzed in both
forelimb (A–E) and hind limb (F–J).
Expression of EcFgf8 appears to be
strongest within the regio of thick-
ened ectoderm in the distal developing
limb (Richardson et al. 1998). The gene
EcFgf4 was assayed t rough all s ages
of development (data not shown) but
was not expressed in any tissue-specific
manner (K–M). We did observe, how-
ever, some chromogen “trapping” i the
ventricles of the brain and otic capsules
(K) of specimens exposed for extended
periods of time. No expr si was de
tected for EcWnt3a (N–S) in any em-
bryo throughou the thre stag s as-
sayed. Forelimbs: A–E, L, N–P; hind
limbs: F–J, M, Q–S. Scale = 250 µm.
Our results w th coquı́ indi a that it may b expe da le
evolutionarily as well.
In the developing chicken limb, a key gene acting up-
stream, initiating Fgf signaling, is the ca onical Wnt family
ember Wnt3 . Wnt3a is exp sed early in the resump iv
AER whe it induc s expre sion o F f8 vi the canonical
β-catenin signaling pathway and thereby promotes AER
formation (Kengaku et al. 1998). Subsequ ntly, Wnt3 is
express d wit i he AER itsel , initiati Fg expression.
However, EcW t3a is not observed at any point during de-
velopment of coquı́ limb buds (Fig. 2, N–S). Absence of
EcWnt3a expression in the developing coquı́ limb may indi-
cate that a diff r nt Wnt amily member fulfills he ole of his
gene in inducing the expression of EcFgf8 in this species. Con-
sistent with this idea, Wnt3a is not expressed in the forming
mouse AER and is unnecessary for either Fgf8 expression or
AER formation. Instead, a different canonic l Wnt, Wnt3,
is expressed in the early distal ectoderm a d plays exactly
these roles in the mouse (Barrow et al. 2003). This surprising
finding demonstrates that t o family members with identical
sig alin properties can substitute fo one an ther over vo-
lutionary time, even though they are not expressed together
n a redundant fashion in any known species.
One f the key genes involved in proximodistal axis for-
mation downstream of Fgf activity is Wnt5a, which is ex-
pressed in the underlying distal mesenchyme of the develop-
in limb (D aly et al. 1993). W t5a is essential for the growth
b no the p tterni of proximodistal limb structures
(Yam guchi t al. 1999). As in am iotes, expression of
EcWnt5a in early coquı́ limb buds remains largely diffuse
with a slight distal bias (Fig. 3, A an D). This distal expres-
s on p ttern b comes more distinct later in development,
becomin more prono nced in the igit l pad by stages TS
6/7 (Fig. 3, B and E). By TS 8, expression in the mature limb
b d is confined t portio s f the developing digits as they
g ow out fr m the primary limb axis (Fig. 3, C and F). We
observe a similar reduction in expression around the digits
of the hind limb, as observed in the chicken (Kawakami et al.
1999). However, and in contrast to several gene expression
patterns, we do not observe a delay in expression of EcWnt5a
in the forelimb compared to the hind limb. Instead, expres-
sion of EcWnt5a in both limb buds proceeds at roughly the
same pace in all four limbs.
O e of the roles of Fgf activity in limb patterning is to
repress expression of the homeodomain transcription factors
Meis1 and Meis2 in distal limb mesenchyme. These closely
mouse	 chicken	 opossum	
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l t r t  f t r ( f ) f il . r r  f t i  r
f il , f , f , f   f ,   r tri t  tt r  f
x r ssi  i  t   ri  s   c ick li  v l t
and, accordingly, they are referred to as - gfs (revie ed in
artin, 1998; Tickle nd uns enberg, 2001). In addition, t o other
Fgfs are expressed in the chick AE : Fgf2, hich is also expressed
in the li b ectoder  and underlying esoder  (Savage et al.,
1993; Dono and Zeller, 1994), and Fgf19 (Kurose et al., 2004).
Fgf8 expression is detected in the limb surface ectoderm from
the earliest stages of limb development (16HH in the chick wing
and E9 in the ou e forelimb) (Fig. 4), a d its expression is
con dered to mark th  precursors of th  AER (Martin, 1998;
Loomis et al., 1998; Bell et al., 1998). The early Fgf8 domain is
patched indicating a mixing of expressing and non-expressing
cells but rapidly evolves to a more compact domain encompass-
ing the process of maturation of the AER (Crossley et al., 1996).
Fgf8 is considered the antonomasia marker of the AER as its
expression temporally and spatially accompanies the whole exist-
ence o  th  AER. For his precise reason, Fgf8 expression in the
limb ectoderm is consider d a synonym of the presence of AER
cells. Although, as will be discussed later, a morphological AER
does form in the absence of Fgf8, and lso in the absence of Fgf8
and Fgf4 (Lewandoski et al., 2000; Moon and Capecchi, 2000;
Sun et al., 2002; Boulet t al., 2004).
The temporal discrepancy between the early beginning of Fgf8
xpression in the limb ectoderm and the ub equ nt establish-
ment of the matu e AER led to the intr duction f the term “pre-
AER” to refer to the cells that exp ss Fgf8 but have not y t
developed the morphology of the AER (Loomis et al., 1998;
Kimmell et l., 2000) (Fig. 4). This discrepancy is at the root of the
distinction sometimes made between molecular and morphologi-
cal AER and reflects the fact that the AER can be defined by either
morphologic l or molecular cr teria.
In ontrast to Fgf8, he oth r AER-Fgfs show a much mor
temporally and spatially restricted patt rn of expression. Their
expression is detected only after the matur  AER has been
t li , fi  t   tr l- t ri r i   t  
l r l l t  f . r l , f  i  r  l  i  t
st ri r- ist l rt f t  , v r t  s r l r  f
greatest gro th ( is ander and artin, 1992; aunders 1948)
(Fig. 5 - ). Interestingly, the expression of Fgf4 in the  is
regulated by F F8, since, in the absence of Fgf8 it beco es
te porally and spatially upregulated ( oon and Capecchi, 2000;
Lewandoski et al., 2000).
The proof that FGFs were resp nsible for AER function came
from experiments showing that several FGFs could act as substi-
tutes for the AER (Niswander et al., 1993; Fallon et al., 1994). An
xogenous source of FGF applied to the distal limb mesoderm
immediately after the removal of the AER was capable of sustain-
ing further elongation of the bud and the development of a close
to normal limb. The exogenously applied FGF also prevented the
cell death that normally occurs after AER removal and maintained
normal gene expression in the underlying mesoderm (Rowe et al.,
1982; Fallon et al., 1994). Therefore, the AER-FGFs provide
prolifer tion/survival factors for the underlying mesoderm that
allow normal progression of limb development. Of particular
rel vance was the finding that several FGFs were even capable
of inducing a supernum rary limb when ectopically applied to the
flank interlimb region in chick embryos (Cohn et al., 1995). In the
mouse, chimeras containing Fgf4-expr ssing cells show small
ectopic outgrowths in the flank and application of FGF4 beads to
the flank region of mouse embryos in vitro induces the formation
of ectopic limb buds (Abud et al., 1996; Tanaka et al., 2000).
Besi es Fgfs, a growing number of enes are known to be
expressed in the AER (Fig. 5). These include transcription factors
such as En1 (Loomis et a ., 1996), Dlx2, 5 and 6  (Bulfone t al.,
1993; Robledo et al., 2002; Kraus and Lufkin, 2006), Msx2
(Davidson et al., 1991), and Sp8, Sp9 and Sp6 (Treichel et al.,
2003; Bell et al., 2003; Nakamura et al., 2004); components of
sign ling pathway  such s Bmp2, 4 and 7 (Francis et al., 1994;
Lyons et al., 1995) Wnt3a/Wnt3 (Kengaku et al., 1998; Barrow et
al., 2003), Notch1, Jag2 and Rfng (Radical fringe; Laufer et al.,
i i
B C D E FA
Histological n lyse of cellular morpholo
that both mouse fore- and hind limbs and t e oposs m
hind limbs possess a distinct, protruding AER separat-
ing the dorsal and ventral sides of the limb whereas the
opossum forelimb doe not (Fig. 2). In mouse limbs of
limb Stage 5, there is bvious thickening and compaction
of the ectoderm at the distal tip of the limb bud (Fig.
2a). Similarly, the opossum hind limb at li Stage 5
displays a significant t ickening of the distal ectoderm,
where the AER is locat (Fig. 2c). Agai , the AER of
the opossum hi d limb is ot as pronounc d as that of
the mouse. In cont st, i the opossu forelimb at imb
Stage 5, the thickness of the ectoderm is uniform along
the distal edge of t e limb bud, and there is no noticea-
ble compaction o rotrusi n of c lls f rmi g an AER.
Fgf8 Expression is Conserved in
Opossum Limbs
Analys s of patterns and levels of Fgf8 expre sion
indicate that Fgf8 expression is conserved in opossum
limbs. As revealed by in situ hybridization, Fgf8 tran-
scripts are expressed in a solid line along the DV bound-
ary of both the developing fore- and hind limb in
opossums, in a similar manner to that previously docu-
mented in oth r tetrapods (Fig. 3; Crossley and Martin,
1995; Crossley et al., 1996; ooper et al., in press).
Mor over, semi-quantitativ RT-PCR analysis of the lev-
els of Fgf8 transcript rev aled that the level of Fgf8
transcript is i distinguishable (p ¼ 0.8873) i mouse
and opo sum fore- nd ind limbs of com arable
Fig. 2. Histological sections of M. musculus (mouse) and M.
domestica (opossum) limbs during limb Stage 5, stained with hema-
toxylin and eosin. The AER can be seen protruding from the distal tip
of th limb bud in the mouse forelimb (A), and in the possum hind
limb (C), although the AER of the opossum hind limb is relatively less
prominent. However, even at the cellular level no physical AER ridge
can be detected along the DV boundary of the opossum forelimb (B).
Fig. 3. Fgf8 expression in M. domestica (opossum) fore- and hind
limbs. In situ hybridization reveals that Fgf8 is expressed (indicated by
black staining) normally in o os um forelimbs (A and B - Stage 28;
limb Stage 3) and hind limbs (C and D - Stage 30; li t 2).
Arrows indicate Fgf8 expression in the limb buds. (c) Semi-quantitative
RT-PCR reveals that Fgf8 is also expressed the same relative level in
the fore- (FL) and hind limbs (HL) of opossums (Mono.) and mouse,
Mus musc lus (Mus) at limb Stage 4.
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ever, s e c r ge “tra i g” i t e
ventricles of the brain and otic cap ules
( ) of speci ens exposed for extended
periods of ti e. o ex res ion as de-
tected for Ec nt3a ( –S) in any e -
bryo throughout the three stages as-
sayed. Fo elimbs: A–E, L, N–P; hind
limbs: F–J, , Q–S. Scale = 250 µm.
Our results with coquı́ indicate that it may be expendable
evolutionarily as well.
In th dev lopi g chick n l mb, a key gene acting up-
st eam, i itiating Fgf signaling, is the ca onical Wnt family
ember Wnt3a. Wnt3a is expressed early in the presumptive
AER where it ind ces expressi n of Fgf8 via h c nonical
β-cate in ign li g pathway an ther by promotes AER
formation (Kengaku et al. 1998). Subsequ ntly, Wnt3a is
expressed within the AER itself, initiating Fgf expression.
However, E Wnt3 is n t b erved t n oint duri g d -
velopment of coquı́ limb buds (Fig. 2, N–S). Absence of
EcWnt3a expression in th developing coquı́ limb may indi-
cate that a different W t a ily memb fulfi s the rol of t is
gene in inducing the xpr ssion f EcFgf8 in this species. Con-
sistent with this idea, Wnt3a is not expressed in the forming
mouse AER and is unnecessary f r eit er Fgf8 expression or
AER fo m tion. Inste d, ifferent ca o ical W t, Wnt3,
is expressed in the early distal ectoderm and plays exactly
these roles in the mouse (Barrow et al. 2003). This surprising
finding demonstrates t at two f mily members wit i ntical
signaling properties can substitute for on a other ver evo-
lutionary time, even though they are not expressed together
in a redundant fashion in any known species.
One of the key gene i vo ved in proximodistal xis for-
ation downstream of Fgf activity is Wnt5a, which is ex-
pressed i th und rlyi g distal mesenchyme of the d velop-
in limb (Dealy et al. 1993). W t5a is essential for the growth
but not the patterni g of pro im distal limb structures
(Yamaguchi t al. 1999). As in am iotes, expression of
EcWnt5a in early coquı́ limb buds remains largely diffuse
with a slight distal bias (Fig. 3, A an D). This distal expres-
si n pattern bec es mor dis inct later in development,
b comin m re pron nced i th igit l pad by stages TS
6/7 (Fig. 3, B and E). By TS 8, expression in the mature limb
bud is confined to portions of the eveloping digits as they
grow out from t e primary limb xis (Fig. 3, C and F). We
serve similar reduction in expression around the digits
of the hind limb, as observed in the chicken (Kawakami et al.
1999). However, and in contrast to several gene expression
pat rns, we do not observe a delay in expression of EcWnt5a
in the forelimb compared to the hind limb. Instead, expres-
sion of EcWnt5a in both limb buds proceeds at roughly the
sam pace in all four limbs.
One of the roles of Fgf activity in limb patterning is to
repress expression of the homeodomain transcription factors
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find that t e assumption is not corr ct.
This findi g has bvious implications for
our understanding of limb development
an  evolut n.
The prevailing v ew of limb tt r ing,
base  on xperime ts in chick nd mouse,
involves three distinct signalling centr s,
each controlling t e differentiation of struc-
tures along o e of the anatomical xes of
the limb bud: proximodistal, anteropos-
terior and dorsoventral3. By using various
reagents we found that the proximodistal
and nteropost r r sy tems in Xen pus
appe r similar to t e mni t  speci ,
whereas the dorsove tral syst m appears to
be different (Fig. 1).
The model for dorsoventral patterning3
involves activation of the transcription fac-
tor En-1 in the ventral ectoderm at an e rly
stage. Expressi n of En-1 represse  the
expr ssion f tw  s gnalling molecules,
Wnt-7A and Radical fringe (Rf g), which
are therefore ade only in the dorsal ect -
derm. The Wnt-7A signal causes the dorsal
mesenchyme to form dorsal structures. The
Rfng signal participates in the induction of
the apical ectodermal ridge (AER), proba-
bly by potentiating the action of another
sign l, Se rate, o  its receptor Notch-1 (refs
4, 5). We have examined he expression of
the g nes en-1, Wnt-7A, Rfng and Notch-1
in Xenopus limb buds. Of these, only en-1 is
expre sed in th  expecte  p sitio , the 
v n ral epidermi . Th  ther three d  not
sh w the expected region lizatio , but are
x ressed in a iffus  man er rough-
ut the limb bud in bot  cto erm an
mesenchyme. We have confirmed that they
really ar xpressed, and that the diffuse
staining is not just nonspecific background,
by RNase protectio s (Fig. 2).
The proximodistal pattern of amniote
limbs arises from t  sequ ntial formation
f structures from a m s nchymal prog s
zone, the develop ental lability f which is
maintained by fibroblast growth factors
(FGFs) secreted by the AER3. In Xenopus
ther  is an apical band of expression of
FGF-8, wh ch presumably functions as the
AER. There is also expression of the tran-
scrip ion f ctor Msx-1 in the underlyi g
progress zone. Th  anteroposteri r pa ter
arises in response to the secretion of Sonic
hedgehog (Shh) from the zone of polarizing
activity on the posterior side of the mes-
enchyme6. Xenopus has a similar localized
expressi  of Shh, and a si ilar expression
of Bmp-2, in both the zone of olarizing
Figure 1 In situ hybridization in Xenopu limb buds at st ge 50/51 (a,  c–h) or stag  53 (b) for the eight 
genes st died.
We also determined whether sibling
bonds might reduce the impact of the
maternal bond, as lambs and kids form
close bonds with a twin. However, cross-
fostering opposite-sex twins of the same
genetic species (kids, n=10; lambs, n=8) did
n t prevent the maternal influence on pref-
erences from occurring (Fig. 1a, b).
Sheep, like primates, can recognize indi-
viduals using facial cues6,7. In choice tests
using pictures of sheep and goat faces, we
found that these alone could elicit prefer-
ence for females of the maternal species and
that effects were again stronger in males
(Fig. 2). Thus the face appears to be an
important source of attraction. 
This strong maternal influence on social
and sexual preferences may function to pre-
vent cross-species matings. However, it has
been argued for avian species that sexual
imprinting may also ensure an optimal out-
breeding strategy, as cross-fostered individ-
uals prefer mates that differ only slightly in
appearance from their mothers8. The fact
that male offspring are affected more than
females, and apparently for life, is evide ce
that they are indeed more potently influ-
enced by their mothers. This indirectly sup-
ports Freud’s concept of the Oedipus
complex and suggests that males may also
be less able than females to adapt to altered
social priorities.
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All limbs are not 
the same
Recent papers published in Nature have
assumed that the mechanism of limb
development in all vertebrates is the same1, 2.
But if mechanisms were conserved in all
tetrapods, we should expect to find them
in amphibians as well as in amniotes. We
have examined the expression of eight
important signalling and regulatory mol-
ecules in Xenopus imb developm nt nd
Xenopus	
B	
Amniote and anuran AER-specific Fgf ligands (8, 9, 17) are expressed
exclusively in axolotl limb mesenchyme
Proximal-distal outgrowth of the limb bud and maintenance of Shh-signaling from the ZPA are regu-
lated in tetrapods by the AER, and specifically by Fgf-signaling (Lewandoski et al., 2000;
Mariani et al., 2008; Niswander et al., 1993; Saunders, 1948). Several Fgfs are expressed in the
anuran and amniote AER (i.e. Fgf4, 8, 9, 17), but Fgf8 alone is required for cell survival and limb bud
outgrowth (L wandoski et al., 2000; Sun et al., 2002). Although an AER does not form during limb
development in the direct developing frog Eleutherodactylus coqui (Gross et al., 2011) or the mar-
supial Monodelphis domestica (Doroba and Sears, 2010), AER-Fgfs are still restricted to, and
expressed, in the ectoderm. Because salamanders lack a morphological AER, we asked if Fgf4, 8, 9
and 17 were expressed in the axolotl limb bud ectoderm. In contrast to anurans and amniotes, we
found that Fgf8, Fgf9 and Fgf17 were solely expressed in the mesenchyme (Figure 3A–C and
Supplementary file 1). We could not consistently detect Fgf4 during limb development and, when
we did, it was expressed at very low levels in the mesenchyme only (Figure 3—figure supplement
1). At stage 44, we detected Fgf8 in a broad mesenchymal zo e directly benea h the ctoderm
(Figure 3A). gf8 expression persisted in the distal mesenchyme un il stage 47 when it segregated
Figure 3. Amniote a d a uran AER-specific Fgf liga ds (8, 9, 17) a e express exclusively in xolo l limb mes nchy . (A, C–E) Dorsal views of stage
44–49 axolotl for limb with anterior (A) on to and o terior (P) on the bottom of eac panel. R d rrow indicate expres o domains. (A) Gremlin1
and Fgf8 expression t forelimb st es 44–49. Gr mlin1 is first xpres ed distally acr ss the anteroposterior axis at stage 45. As the limb bud lengthens
Gremlin1 expression becomes c ntralize at th d veloping z ugo d and remain tr gly expressed through stage 47. Between stages 48 and 49
Gremlin1 expr ssi n becomes posterio ly rest icted. Fgf8 is expressed xclusively in he mesenchyme (sta s 44–48). Fgf8 expression is first detected
at stage 44 with a slight anterior bias t at expa ds istally until stage 46 a d then shifts proximally. Fgf8 expression was not detected at stage 49. (B)
Fgf8 expression at stage 46 begins to segregat dor ve rally a d ultimately separates into se r te dor al nd ventral omains a stages 47–48.
Anteri r view of right limbs with orsal side on top and ventral side n b tom. (C) Fgf9 show i tal xpr ssion at st g s 45–46 with an additional
proximal domain at stage 46. Fgf17 is expressed dista ly with a post rior bias at stage 46 Fgf10 aintains distal mesenc y al expression at stages 45–
46. (D) FgfR1 and FgfR2 are expressed r ximally at stages 44–46. (E) Sch matic present ion of expression pattern fo Fgf8, Fgf9, Fgf17, Fgf10,
FgfR1 and FgfR2 at stages 44–46. Black brackets show the ectodermal layer.
DOI: https://doi.org/10.7554/eLife.48507.010
Th following figure supplement is available for figure 3:
Figure supplement 1. Fgf4 is expressed at extremely low levels in the limb mesenchyme.
DOI: https://doi.org/10.7554/eLife.48507.011
Purushotha an et al. eLife 2019;8:e48507. DOI: https://doi.org/10.7554/eLife.48507 6 of 28
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Amniote and anuran AER-sp cific Fgf ligands (8, 9, 17) are expressed
exclusively in axolotl limb mesenchyme
Proximal-distal outgrowth of the limb bud and maintenance of Shh-signaling from the ZPA are r gu-
lated in tetrapods by the AER, and specifically by F f-signaling (Lewandoski et al., 2000;
Mariani et al., 2008; Niswander et al., 1993; Saunders, 1948). Several Fgfs are expressed in the
anuran and amniote AER (i.e. Fgf4, 8, 9, 17), but Fgf8 alone is required for cell survival and limb bud
outgrowth (Lewandoski et al., 2000; Sun et al., 2002). Althoug an AER does ot form during l b
development in the direct developing frog Eleutherodactylus coqui (Gross et al., 2011) or the mar-
supial Monodelphis domestica (Doroba and Sears, 2010), AER-Fgfs are still restricted to, and
ex ressed, in the ctoderm. Because salamanders lack a morphological AER, we asked if Fgf4, 8, 9
and 17 wer xpressed in the axolotl limb bud ectoderm. In contrast to anurans and amniotes, we
found th t Fgf8, Fgf9 and Fgf17 w re solely expressed in the mesenchy e (Figure 3A–C and
Supplementary file 1). We could not consistently detect Fgf4 during limb development and, when
we did, it was expressed at very low levels in the mesenchyme only (Figure 3—figure supplement
1). At stage 44, we detected Fgf8 in a broad mesenchymal zone directly beneath the ectoderm
(Figure 3A). Fgf8 expression persisted in the distal mesenchyme until stage 47 when it segregated
Figure 3. Amniote and anuran AER-specific Fgf ligands (8, 9, 17) are expressed exclusively in axolotl limb mes nchyme. (A, C–E) Dorsal vi w of tage
44–49 axolotl forelimbs with anterior (A) on top and po terior (P) on the bottom of each pa el. R d arrows indicate exp ssion domains. (A) Greml n1
and Fgf8 expression at forelimb stages 44–49. Gremlin1 is first expressed distally across the anteropo terior axis at stage 45. As the limb bud l ngthens
Gremlin1 expression becomes centralized at the developing zeugopod and remains strongly expressed through stage 47. Between stages 48 and 49
Gremlin1 expression becomes posteriorly restricted. Fgf8 is expressed exclusively in the mesenchyme (stages 44–48). Fgf8 expression is first detected
at stage 44 with a slight anterior bias that expands distally until stage 46 and th shifts proximally. Fgf8 expression was not det ct d at stage 49. (B)
Fgf8 expression at stage 46 begins to segregate dorsoventrally and ultimately separates into separat d rsal and ventral domains at stages 47–48.
Anterior view of right limbs with dorsal side on top and ventral side on bottom. (C) Fgf9 shows distal xpression at stages 45–46 with an dditi al
proximal domain at stage 46. Fgf17 is expressed distally with a post rior bias at stage 46. Fgf10 intains distal mesenchymal expression t stages 45–
46. (D) FgfR1 and FgfR2 are expressed proximally at stages 44–46. (E) Schematic representation of expression patterns for Fgf8, Fgf9, Fgf17, Fgf10,
FgfR1 and FgfR2 at stages 44–46. Black brackets show the ectodermal layer.
DOI: https://doi.org/10.7554/eLife.48507.010
The following figure supplement is available for figure 3:
Figure supplement 1. Fgf4 is expressed at extremely low levels in the limb mes nchyme.
DOI: https://doi.org/10.7554/eLife.48507.011
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restricted	 to	 the	 limb	 mesenchyme,	 mostly	 concentrating	 in	 the	 distal	 part	 (Fig.	46B).	
Meanwhile	the	genes	encoding	the	Fgf	receptors,	Fgfr1	and	Fgfr2,	are	active	in	the	proximal	





A:	WISH	 against	 Fgf8	mRNA	 in	 the	 developing	 axolotl	 limb	 throughout	 diverse	 developmental	 stages.	
Transcripts	 were	 detected	 exclusively	 in	 the	 mesenchyme	 of	 the	 outgrowing	 limb	 (red	 arrowheads).	
Brackets	 mark	 ectodermal	 layer.	 D:	 dorsal;	 V:	 ventral.	 B:	 Schematic	 representation	 visualizing	 the	
expression	 domains	 of	 those	 components	 of	 the	 Fgf	 signalling	 pathway	 for	 which	 expression	 in	 the	
developing	 axolotl	 limb	 was	 found.	 The	 expression	 area	 of	 each	 gene	 is	 restricted	 to	 the	 limb	









processes	 take	 place	 differently	 here	 as	 well.	 In	 zebrafish	 an	 apical	 thickening	 forms	




expressed in the ZPA at 24 hpf and expression progressively
increases until 36 hpf (Figure 3A–B) [56]. In Nipbl-deficient limb
buds, shha and ptch2 expression was reduced at these stages
(Figure 3A, B). shha and ptch2 expression levels were also reduced
in the intestine (where Nipbl is also required for development [11];
Figure 3A, B, asterisks), but unaffected in the notochord and
neural tub (Figure 3A, B and unpublished data), ugge ting a
tissu -specific requirement for Nipbl i the expression of Shh and
its receptor.
Hand2 regulates Shh expression in fin/limb buds [56–58], and
we found that hand2 expression was also reduced in Nipbl-
deficient fin buds (36 and 40 hpf) compared with stage-matched
controls (32 and 36 hpf) (Figure 3C). In mouse limb buds, anterior
expressio of the transcriptional repressor, Gli3, estricts expres-
sion of Hand2 posteriorly [59]. Zebrafish pectoral fin buds also
express gli3 [60] but its expression was not affected by reduction of
Nipbl (Fig re 3D).
Mammalian Hand2 acts together with the products of 59-Hoxd
genes [58] in the regulation of Shh expression. In pectoral fin buds
of Nipbl-deficient embryos, we found that 59-hoxd genes, including
hoxd9a-d13a (Figure 4A), were significantly downregulated (Fig-
ure 4B). Importantly, fin bud expression of hand2, hoxd10a, shha
and ptch2 could all be partially rescued by exogenous nipbla
mRNA (Figure S8).
Retinoic acid (RA) produc d in anterior somites also regula es
shha expression in pectoral fin buds (12–22 hpf [42–44,61]), as
well as fin bud expression of fgf10a. However, we found no
differences in expression of either the RA synthesizing enzyme
aldh1a2 or the RA degradation enzyme and target gene, cyp26a1,
at 13 and 19 hpf in Nipbl-deficient embryos (Figure S9).
Together, these findings indicate that Nipbls regulate the 59-
hoxd/hand2/shha signaling cascade, but do not affect the tbx5a/
fgf24/fgf10a pathway that lies downstream of RA signaling,
during vertebrate limb development.
Nipbls regulate expression of hox genes according to
their genomic location
Hox genes belong to 13 paralog groups organized in four
(mammals) or seven (zebrafish) clusters; the HoxA and D clusters
are crucial for limb/fin development [56,62,63]. The most 39-
located genes (39-Hox), such as Hoxd1, are expressed earliest in
mouse limb buds, whereas expression of 59-located genes (59-Hox,
d10-d13) begins later [64,65]. 59-Hoxd gene expression occurs
first in proximal limb buds, where it is required for Shh expression
in the ZPA to establish A-P patterning [55,66], and is later
restricted distally in limb buds, where it is required for proper digit
formation [64,65]. Expression of hoxd genes in zebrafish fin buds is
reminiscent of that in proximal mouse limb buds but appears to
lack the second wave of distal expression, consistent with the lack
of digits in ray-finned fish [64].
Examination of expression of multiple hox genes from the Hoxa
(hoxab), Hoxc (hoxca), and Hoxd (hoxda) clusters in the fin buds of
Nipbl-deficient embryos revealed that changes in expression
correlated strongly with positions of genes within clusters
(Figures 4–5). Expression of five hoxd genes located at the 59 ends
of the hoxda cluster (hoxd9a-d13a) was severely reduced
(Figure 4B), while expression of two hoxd genes located more 39
in the cluster, hoxd3a and hoxd4a, expanded to encompass the
entire bud (Figure 4C). Similarly, expression of 59-genes in the
hoxab cluster—such as hoxa9b, a10b, and a13b—was significantly
Figure 2. Reduced expression of fgfs in the AER of Nipbl-deficient embryos. Expression of fgf4 (A), fgf8a (B), fgf16 (C) and fgf24 (D) in the
AER (arrows) at indicated stages in control and Nipbl-deficient embryos examined by ISH. Dorsal views, anterior to the top.
doi:10.1371/journal.pgen.1004671.g002
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expressed in the ZPA at 24 hpf a d expression progressively
increases until 36 hpf (Figure 3A–B) [56]. In Nipbl-deficient limb
buds, shha and ptch2 expre sion was redu ed at the e stage
(Figure 3A, B). shha and ptch2 expression levels were also reduced
in the intestine (where Nipbl is also required fo development [11];
Figure 3A, B, asterisks), but unaffected in the notochord and
neural tube (Figure 3A, B and unpublished data), suggesti g a
tissue-specific requirement for Ni bl in the expression of S h and
its receptor.
Hand2 regulates Shh expression in fin/limb buds [56–58], and
we found that hand2 expressio was also reduced in Nipbl-
deficient fin buds (36 and 40 hpf) compared with stage-matched
controls (32 and 36 hpf) (Figure 3C). In mouse limb buds, anterior
expression of the transcriptional repressor, Gli3, es ricts expres-
sion of Hand2 posteriorly [59]. Zebrafish pectoral fin buds also
express gli3 [60] but its expression was not affected by reduction of
Nipbl (Figure 3D).
Mammalian Hand2 acts together with the products of 59-Hoxd
genes [58] in the regulation of Shh expression. In pectoral fin buds
of Nipbl-deficient embryos, we found that 59-hoxd genes, inclu ing
hoxd9a-d13a (Figure 4A), were significantly downregulated (Fig-
ure 4B). Importantly, fin bud expression of hand2, hoxd10a, hha
and ptch2 could all be partially res ued by exogenous nipbla
mRNA (Figure S8).
Retinoic acid (RA) produced i anterior somites also regulates
shha expression in pectoral fin buds (12–22 hpf [42–44,61]), as
well as fin bud expression of fg 10a. Howev r, we found no
differences in expression of ither the RA synthesizing enzyme
aldh1a2 or the RA degrad tion enzyme and target gene, cyp26a1,
at 13 and 19 hpf in Nipbl-deficie t embryos (Figure S9).
T gether, these findings indicate that Nipbls re ulate the 59-
hoxd/hand2/shha signaling cascade, but do not affect the tbx5a/
fgf24/fgf10a pathway that lies downstream of RA signaling,
during vertebrate limb development.
Nipbls regulate expression of hox gen s according to
their genomic location
Hox genes belong to 13 paralog groups organized in four
(mammals) or seven (zebrafish) clusters; the HoxA and D clusters
are crucial for limb/fin development [56,62,63]. The most 39-
located genes (39-Hox), such as Hoxd1, are expressed earliest in
mo se limb buds, whereas expr ssi n f 59-located genes (59-Hox,
d10-d13) begins later [64,65]. 59-Hoxd gene expression occurs
first in proximal limb buds, where it is required for Shh express on
in the ZPA to establish A-P patterning [55,66], and is later
restricted distally in limb buds, where it is required for proper digit
formation [64,65]. Expressi n of h x genes in zebraf sh fin buds is
reminiscent of that in proxi al mouse limb buds but appears to
lack the second wave of distal expression, consistent with the lack
of digits in ray-fi ned fish [64].
Examination of expression of ultiple h x genes fr m the Hoxa
(hoxab), Hoxc (hoxca), and Hoxd (hoxda) clusters i the fin buds of
Nipbl-d ficient embryos revealed that changes in expression
correlated strongly with positions of enes within clusters
(Figures 4–5). Expr sion of five hoxd g n s located at th 59 ends
of the hoxda clu ter (hoxd9a-d13a) was severely reduced
(Figure 4B), while expression of two hoxd genes located more 39
in the cluster, hoxd3a and hoxd4a, expanded to encompass the
entire bud (Figure 4C). Similarly, expression of 59-genes in the
hoxab cluster—such as hoxa9b, a10b, and a13b—was significantly
Figure 2. Reduced expression of fgfs in the AER of Nipbl-de ic ent mbry s. Expression of fgf4 (A), fgf8a (B), fgf16 (C) and fgf24 (D) in the
AER (arrows) at indicated stages in control a Nipbl-deficient embryos examined by ISH. Dorsal views, ant rior to the t p.
doi:10.1371/journal.pgen.1004671.g002
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expressed in the ZPA at 24 hpf and expression progressively
increases until 36 hpf (Figure 3A–B) [56]. In Nipbl-deficient limb
buds, shha and ptch2 expression was reduced at these stages
(Figure 3A, B). shha and ptch2 expression levels were also reduced
in the intestine (where Nipbl is also required for development [11];
Figure 3A, B, asterisks), but unaffected in the notochord and
neural tube (Figure 3A, B and unpublished data), suggesting a
tissue-specific requirement for Nipbl in the expression of Shh and
its receptor.
Hand2 regulates Shh expression in fin/limb buds [56–58], and
we found that hand2 expression was also reduced in Nipbl-
eficie t fin buds (36 an 40 hpf) compared with stage-matched
controls (32 and 36 hpf) (Figure 3C). In mouse limb buds, anterior
expression of the transcriptional repressor, Gli3, restricts expres-
sion f Hand2 posteriorly [59]. Zebrafish p ctoral fin buds also
express gli3 [60] but its expression w s not ffected by r duction of
Nipbl (Figure 3D).
Mammalian Hand2 acts together with the products of 59-Hoxd
g nes [58] in the regulation of Shh expression. In pectoral fin buds
of Nipbl- eficient embryos, we fo nd that 59-hoxd genes, includi g
hoxd9a-d13a (Figure 4A), were significantly downregulated (Fig-
ure 4B). Importantly, fin bud expression of ha d2, hoxd10a, shha
and ptch2 could all be partially rescued y exogenous nipbla
mRNA (Figure S8).
Reti oic acid (RA) produced in anterior somites also regul t s
shh xpression in p ctoral fi s (12–22 hpf [42–44,61]), as
well as fin bud expression of f f10a. However, we foun no
differenc s n expre sion of either the RA synth sizing e zyme
ldh1a2 r the RA degradation e zyme nd target gene, cyp26a1,
at 13 and 19 hpf in Nipbl-d fic ent embryos (Figure S9).
Together, these findings indicate that Nipbls regulate the 59-
hoxd/hand2/shha signaling cascade, but do not affect the tbx5a/
fgf24/fgf10a pathway that lies downstream of RA signaling,
during vertebrate limb development.
Nipbls regulate expression of hox genes according to
their genomic location
Hox genes belong to 13 paralog groups organized in four
(mammals) or seven (zebrafish) clusters; the HoxA and D clusters
are crucial for limb/fin development [56,62,63]. The most 39-
located genes (39-Hox), such as Hoxd1, are expressed earliest in
mouse limb buds, whereas expression of 59-located genes (59-Hox,
d10-d13) begins later [64,65]. 59-Hoxd gene expression occurs
first in proximal limb buds, where it is required for Shh expression
in the ZPA to establish A-P patterning [55,66], and is later
restricted distally in limb buds, where it is required for proper digit
formation [64,65]. Expression of hoxd genes in zebrafish fin buds is
reminiscent of that in proximal mouse limb buds but appears to
lack the second wave of distal expression, consistent with the lack
of digits in ray-finned fish [64].
Examination of expression of multiple hox genes from the Hoxa
(hoxab), Hoxc (hoxca), and Hoxd (hoxda) clusters in the fin buds of
Nipbl-deficient embryos revealed that changes in expression
correlated strongly with positions of genes within clusters
(Figur s 4–5). Expression of five hoxd genes located at the 59 ends
of the hoxda cluster (hoxd9a-d13a) was severely reduced
(Figure 4B), while expression of two hoxd genes located more 39
in t e cluster, hoxd3a and hoxd4a, expanded to encompass the
entire bud (Figure 4C). Similarly, expression of 59-genes in the
h xab cluster—such as hoxa9b, a10b, and a13b—was significantly
Figure 2. Reduced expression of fgfs in the AER of Nipbl-deficient embryos. Expression of fgf4 (A), fgf8a (B), fgf16 (C) and fgf24 (D) in the
AER (arrows) at indicated stages in control and Nipbl-deficient embryos examined by ISH. Dorsal views, anterior to the top.
doi:10.1371/journal.pgen.1004671.g002
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expressed in the ZPA at 24 hpf a d expression progressively
increases until 36 hpf (Figure 3A–B) [56]. In Nipbl-deficient limb
buds, shha and ptch2 expre sion was redu ed at the e stage
(Figure 3A, B). shha and ptch2 expression levels were also reduced
in the intestine (where Nipbl is also required fo development [11];
Figure 3A, B, asterisks), but unaffected in the notochord and
neural tube (Figure 3A, B and unpublished data), suggesti g a
tissue-specific requirement for Ni bl in the expression of Shh and
its receptor.
Hand2 regulates Shh expression in fin/limb buds [56–58], and
we f und that hand2 expressio was also reduced in Nipbl-
deficient fin buds (36 and 40 hpf) compared with stage-matched
controls (32 and 36 hpf) (Figure 3C). In mouse limb buds, anterior
expression of the transcriptional repressor, Gli3, es ricts expres-
sion f Hand2 posteriorly [59]. Z brafish pectoral fin buds also
exp ss gli3 [60] but its expression w s not ffected by r uction of
Ni bl (Figure 3D).
Mammalian Hand2 acts together with the products of 59-Hoxd
genes [58] in the regulation of Shh expression. In pectoral fin buds
of Nipbl- eficient embryos, we fo n that 59-hoxd genes, inclu i g
hoxd9a-d13a (Figure 4A), w re significantly downre ulated (Fig-
ure 4B). Importantly, fin bud expressio of hand2, hoxd10a, shha
and ptch2 could all be partially res ued y exogenous nipbla
mRNA (Figure S8).
Reti ic acid (RA) produced in anterior somites also regul t s
shh ex ression in pectoral fin (12–22 hpf [42–44,61]), as
well as fin bud expression of f 10a. Howev r, we foun no
differences in expression of ither the RA synthesizing enzy e
ldh1a2 or the RA d grad tio enzyme nd target g ne, cyp26a1,
at 13 and 19 hpf in Nipbl-defic e t embryos (Figure S9).
T gether, these findings indicate that Nipbls re ulate the 59-
hoxd/hand2/shha signaling cascade, but do not affect the tbx5a/
fgf24/fgf10a pathway that lies downstream of RA signaling,
during vertebrate limb development.
Nipbls regulate expression of hox gen s according to
their genomic location
Hox genes belong to 13 paralog groups organized in four
(mammals) or seven (zebrafish) clusters; the HoxA and D clusters
are crucial for limb/fin development [56,62,63]. The most 39-
located genes (39-Hox), such as Hoxd1, are expressed earliest in
mouse limb buds, whereas expr ssion of 59-located genes (59-Hox,
d10-d13) begins later [64,65]. 59-Hoxd gene expression occurs
first in proximal limb buds, where it is required for Shh express on
in the ZPA to establish A-P patterning [55,66], and is later
restricted distally in limb buds, where it is required for proper digit
formation [64,65]. Expressi n of hoxd genes in zebraf sh fin buds is
reminiscent of that in proxi al mouse limb buds but appears to
lack the second wave of distal expression, consistent with the lack
of digits in ray-finned fish [64].
Examination of expression of ultiple h x genes fr m the Hoxa
(hoxab), Hoxc (hoxca), and Hoxd (hoxda) clusters i the fin buds of
Nipbl-d ficient embry s revealed that changes in expression
correlated strongly with position of enes within clusters
(Figur 4–5). Exp sion of five hoxd ge es located at th 59 ends
of the h xda clu ter (hoxd9a-d13a) was severely reduced
(Figure 4B), while expression of tw hoxd genes located more 39
in t e clus er, hoxd3a and oxd4a, expanded to encompass the
entire bud (Figure 4C). Similarly, expr ssion of 59-genes in the
h xab cluster—such as hoxa9b, a10b, and a13b—was significantly
Figure 2. Reduced expression of fgfs in the AER of Nipbl-de ic ent mbry s. Expression of fgf4 (A), fgf8a (B), fgf16 (C) and fgf24 (D) in the
AER (arrows) at indicated stages in control a Nipbl-deficient embryos examined by ISH. Dorsal views, ant rior to the t p.
doi:10.1371/journal.pgen.1004671.g002
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blast growth factor (Fgfs) family. Four members of this numerous
family, Fgf8, Fgf4, Fgf9 and Fgf17, show a restricted pattern of
expression in the AER during mouse and chick limb development
and, accordingly, they are referred to as AER-Fgfs (reviewed in
M rtin, 1998; T ck e and Munstenberg, 2001). In addition, two other
Fgfs are expressed in the chick AER: Fgf2, which is also expressed
in the limb ectoderm and underlying mesoderm (Savage et al.,
1993; Dono and Zeller, 1994), and Fgf19 (Kurose et al., 2004).
Fgf8 expression is detected in the limb surface ectoderm from
the earliest stages of limb development (16HH in the chick wing
and E9 in th  mouse forelimb) (Fig. 4), and it  expression i
considered to mark the precursors of the AER (Martin, 1998;
Loomis et al., 1998; Bell et al., 1998). The early Fgf8 domain is
patched indicating a mixing of expressing and non-expressing
cells but rapidly evolves to a ore compact domain encompass-
ing the process of maturation of the AER (Cro sley t al., 1996).
gf8 is consid red the antonomasia marker of th  AER as its
expression temporally and spatially accompanies the whole exist-
ence of the AER. For this precise reason, Fgf8 expression in the
limb ectoderm is considered a synonym of the presence of AER
cells. Although, as will be discussed later, a morphological AER
do  form i  the abs nce of Fgf8, and also in the absence of Fgf8
and Fgf4 (Lewandoski t al., 2000; Moon a d Capecchi, 2000;
Sun et al., 2002; Boulet et al., 2004).
The temporal discrepancy between the early beginning of Fgf8
expression in the limb ectoderm and the subsequent establish-
ment of the mature AER led t  the i troduction of the term “pre-
AER” to fer to he cells th t express Fgf8 bu  have not yet
dev loped the m rphology f the AER (L omis et al., 1998;
Kimmell et al., 2000) (Fig. 4). This discrepancy is at the root of t e
distinction sometimes made between molecular and morphologi-
cal AER and reflects the fact that the AER can be defined by either
morphological or molecular criteria.
In contrast to Fgf8, the other AER-Fgfs show a much more
tempor lly and sp i lly r strict d pattern of xpre ion. Th i
xpression is d tect d only after th  mature AER has b n
established, confined to a central-posterior domain and at a much
lower level than Fgf8. For example, Fgf4 is expressed only in the
posterior-distal part of the AER, over the mesodermal area of
greatest growth (Niswander and Martin, 1992; Saunders 1948)
(Fig. 5A-B). Interestingly, the expression of Fgf4 in the AER is
regulated by FGF8, since, in the absence of Fgf8 it becomes
temporally and spatially upregulated (Moon and Capecchi, 2000;
Lewandoski et al., 2000).
The proof that FGFs were responsible for AER function came
from experiments showing that several FGFs could act as substi-
tutes for the AER (Niswander et al., 1993; Fallon et al., 1994). An
exogenous source of FGF applied to the distal limb mesoderm
immediately after the removal of the AER was capable of sustain-
ing further elongation of the bud and the development of a close
to normal limb. The exogenously applied FGF also prevented the
cell death that normally occurs after AER removal and maintained
normal gen  expression in the underlying mesoderm (Rowe et al.,
1982; Fallon et al., 1994). Therefore, the AER-FGFs provide
proliferation/survival factors for the underlying mesoderm that
allow normal progression of limb development. Of particular
relevance was the finding that several FGFs were even capable
of inducing a supernumerary limb when ectopically applied to the
fl nk interlimb region in chick mbryos (Cohn et al., 1995). In the
mouse, chimeras c ntaining Fgf4-expressing cells show small
ectopic outgrowths in the flank and application of FGF4 beads to
the flank region of mouse embryos in vitro induces the formation
of ectopic limb buds (Abud et al., 1996; Tanaka et al., 2000).
Besides Fgfs, a growing number of genes are known to be
expressed in the AER (Fig. 5). These include transcription factors
su h a  En1 (Loomis et al., 1996), Dlx2, 5 and 6  (Bulfone et al.,
1993; Robledo et al., 2002; Kraus and Lufkin, 2006), Msx2
(Davidson et al., 1991), and Sp8, Sp9 and Sp6 (Treichel et al.,
2003; Bell et al., 2003; Nakamura et al., 2004); components of
signaling pathways such as Bmp2, 4 and 7 (Francis et al., 1994;
Lyons et al., 1995) Wnt3a/Wnt3 (Kengaku et al., 1998; Barrow et
l., 2003), Notch1, Jag2 and Rfng (Radical fringe; Laufer et al.,
Fig. 5. Expression of Fgf8, Fgf4, Msx2, Bmp4, Bmp7 and Bmp2 in the chick limb bud. All the panels are ventral pictures of chick wings (top) and
legs (bottom) stage 22-23HH after hybridization with the specific probe indicated on the top. Note the difference in anterior-posterior extension of
the domains of expression.









447Fgf8 expression in the mouse embryo
the FGF8 protein is encoded in at least three separate exons
(here termed exons 1a, b, and c) rather than the single exon
found in other FGF family members. Differential exon usage
and the differential use of splice donor and splice acceptor sites
within these three exons makes possible the production of a
family of secreted FGF8 polypeptides, apparently differing
only in a short domain that lies between the signal sequence
and the start of the conserved FGF core. It is not yet known
whether particular isoforms are uniquely expressed in specific
tissues during embryogenesis or in the adult.
These data show that the Fgf8 gene can produce a remark-
able range of secreted protein isoforms. The functional signif-
icance of this isoform diversity remains to be determined, but
could be related to the fact that the different predicted proteins
may be glycosylated to different extents. N-linked glycosyla-
tion may be important in regulating FGF activity, as suggested
Fig. 6. Localization of Fgf8 RNA
in the developing head and neck.
(A) Schematic diagram
illustrating the generic structure
of the branchial arch region in a
vertebrate embryo, and showing
the spatial relationships of the
pharyngeal endoderm, surface
ectoderm and neural crest cell
populations that constitute the
pharyngeal arches, grooves and
pouches. (Reprinted from
Frohman et al., 1990).
(B) Transverse section of the
E8.0 embryo (shown in 5C and
G) localizing Fgf8 RNA to cells
in the ventrolateral walls of the
foregut endoderm, in the
overlying surface ectoderm, and
in the intervening lateral
mesoderm. (Magnification =
~120×). (C) Frontal section
through the pharyngeal region of
an E9.5 embryo showing that
Fgf8 RNA is highly restricted to
the pharyngeal pouch endoderm
and surface ectoderm of the
branchial grooves, and is also
localized in the surface ectoderm
of the first pharyngeal arch. (Magnification = 60×). (D) Frontal view of a E9.5 embryo (whole-mount preparation), showing Fgf8 RNA in two
patches of surface ectoderm (arrowheads) in the region of the prospective nasal placodes. High levels of Fgf8 RNA are also detected in the
commissural plate of the forebrain and in the surface ectoderm of the maxillary and mandibular components of the first branchial arch.
(Magnification = ~50×). (E) Frontal view of an E10.5 embryo (whole-mount preparation) showing Fgf8 RNA in ectodermal cells surrounding
the nasal pits, in the surface ectoderm of the upper (maxilla) and lower (mandible) jaw anlage, and in the commissural plate and pharyngeal
grooves.(Magnification = ~25×). Abbreviations: cp, commissural plate; ma, mandibular component of the first pharyngeal arch; me, mesoderm;
mx, maxillary component of the first pharyngeal arch; ng, neural groove; np, nasal pit; pa I-III, pharyngeal arches I-III; pe, pharyngeal
endoderm; pg, pharyngeal groove; pp, pharyngeal pouch; se, surface ectoderm.
Fig. 7. Localization of Fgf8 RNA in the developing limb bud. (A,B) Transverse sections of an embryo with a stage 1 forelimb bud (A) and an
embryo with a stage 2-3 forelimb bud (B) hybridized with a radiolabeled antisense probe for Fgf8. At stage 1, Fgf8 RNA is localized in the
ventral ectoderm of the limb bud, whereas at stage 2-3 it is restricted to the developing AER. (Magnification = ~100×). (C) Whole-mount E10.5
embryo with limb buds at stage 3. Fgf8 RNA is detected at high levels along the length of the AER in both the forelimb and hindlimb buds.
(Magnification = ~16×). Abbreviations: AER, apical ectodermal ridge; D, dorsal; fl, forelimb bud; hl, hindlimb bud; nt, neural tube; V, ventral. 
Histological analyses of cellular morphology confirm
that both mouse for - and hind limbs and the opossu
hind limbs p ssess a distinct, p otruding AER separat-
ing the dorsal and ventral sides of the limb, whereas the
opossum forelimb does not (Fig. 2). In mouse limbs of
limb Stage 5, there is obvious thickening and compaction
of the ectoderm at the distal tip of the limb bud (Fig.
2a). Similarly, the opossum hind limb at limb Stage 5
displays a significant thickening of the distal ectoderm,
where the AER is located (Fig. 2c). Again, the AER of
the opossum hind limb is not as pronounced as that of
the mouse. In contrast, in the opossum forelimb at limb
Stage 5, the thickness of the ectoderm is uniform along
the distal edge of the limb bud, and there is no noticea-
ble compaction or protrusion of cells forming an AER.
Fgf8 Expression is Conserved in
Opossum Limbs
Analyses of patterns and levels of Fgf8 expression
indicate that Fgf8 expression is conserved in opossum
limbs. As revealed by in situ hybridization, Fgf8 tran-
scripts are expressed in solid line along the DV bound-
ry of both the developing fore- and hind limb in
opossums, in a similar manner to that previously docu-
mented in other tetrapods (Fig. 3; Crossley and Martin,
1995; Crossley et al., 1996; Cooper et al., in press).
Moreover, semi-quantitative RT-PCR analysis of the lev-
els of Fgf8 transcript revealed that the level of Fgf8
transcript indistinguishable (p ¼ 0.8873) in mouse
and opossum fore- and hind limbs of comparable
Fig. 2. Histological sections of M. musculus (mouse) and M.
domestica (opossum) limbs during limb Stage 5, stained with hema-
toxylin and eosin. The AER can be seen protruding from the distal tip
of the limb bud in the mouse forelimb (A), and in the opossum hind
limb (C), although the AER of the opossum hind limb is relatively less
prominent. However, even at the cellular level no physical AER ridge
can be detected along the DV boundary of the opossum forelimb (B).
Fig. 3. Fgf8 expression in M. domestica (opossum) fore- and hind
limbs. In situ hybridization reveals that Fgf8 is expressed (indicated by
black staining) normally in opossum forelimbs (A and B - Stage 28;
limb Stage 3) and hind limbs (C and D - Stage 30; limb Stage 2).
Arrows indicate Fgf8 expression in the limb buds. (c) Semi-quantitative
RT-PCR reveals that Fgf8 is also expressed the same relative level in
the fore- (FL) and hind limbs (HL) of opossums (Mono.) and mouse,
Mus musculus (Mus) at limb Stage 4.
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Fig. 2. EcFgf8, EcFgf4, and EcWnt3a
expression in coquı́ i buds. EcFgf8
is strongly expressed in the region that
corresponds to the AER through all
stages of development analyzed in both
forelimb (A–E) and hind limb (F–J).
Expression of EcFgf8 appears to be
strongest within the regio of thick-
ened ectoderm in the distal developing
limb (Richardson et al. 1998). The gene
EcFgf4 was assayed t rough all s ages
of development (data not shown) but
was not expressed in any tissue-specific
manner (K–M). We did observe, how-
ever, so e chromogen “trapping” i the
ventricles of the brain and otic capsules
(K) of specimens exposed for extended
periods of time. No expr si was de
tected for EcWnt3a (N–S) in any em-
bryo throughou the thre stag s as-
sayed. Forelimbs: A–E, L, N–P; hind
limbs: F–J, M, Q–S. Scale = 250 µm.
Our results w th coquı́ indi a that it may b expe da le
evolutionarily as well.
In the developing chicken limb, a key gene acting up-
stream, initiating Fgf signaling, is the ca onical Wnt family
member Wnt3 . Wnt3a is exp sed early in the resump iv
AER wh it induc s expre sion o F f8 vi the canonical
β-cat nin signaling pathway and thereby promotes AER
formation (Kengaku et al. 1998). Subsequ ntly, Wnt3 is
express d wit i he AER itsel , initiati Fg expression.
However, EcW t3a is not observed at any point during de-
velopment of coquı́ limb buds (Fig. 2, N–S). Absence of
EcWnt3a expression in the developing coquı́ limb may indi-
cate that a diff r nt Wnt amily me ber fulfills he ole of his
gene in inducing the expression of EcFgf8 in this species. Con-
sistent with this idea, W t3a is not expr ssed in the forming
mouse AER and is u n ce sary for either Fgf8 expression or
AER formation. Instead, a different canonic l Wnt, Wnt3,
is expressed in the early distal ectoderm a d plays exactly
these roles in the mouse (Barrow et al. 2003). This surprising
finding demonstrates that t o family members with identical
sig alin properties can substitute fo one an ther over vo-
lutionary time, even though they are not expressed together
n a redundant fashion in any known species.
One f the key genes involved in proximodistal axis for-
mation downstream of Fgf activity is Wnt5a, which is ex-
pressed in the underlying distal mesenchyme of the develop-
in limb (D aly et al. 1993). W t5a is essential for the growth
b no the p tterni of proximodistal limb structures
(Yam guchi t al. 1999). As in am iotes, expression of
EcWnt5a in early coquı́ limb buds remains largely diffuse
with a slight distal bias (Fig. 3, A an D). This distal expres-
s on p ttern b comes more distinct later in development,
becomin more prono nced in the igit l pad by stages TS
6/7 (Fig. 3, B and E). By TS 8, expression in the mature limb
b d is confined t portio s f the developing digits as they
g ow out fr m the primary limb axis (Fig. 3, C and F). We
observe a similar reduction in expression around the digits
of the hind limb, as observed in the chicken (Kawakami et al.
1999). However, and in contrast to several gene expression
patterns, we do not observe a delay in expression of EcWnt5a
in the forelimb compared to the hind limb. Instead, expres-
sion of EcWnt5a in both limb buds proceeds at roughly the
same pace in all four limbs.
O e of the roles of Fgf activity in limb patterning is to
repress expression of the homeodomain transcription factors
Meis1 and Meis2 in distal limb mesenchyme. These closely
mouse	 chicken	 opossum	
The Apical Ectodermal Ridge   861
l t r t  f t r ( f ) f il . r r  f t i  r
f il , f , f , f   f ,   r tri t  tt r  f
x r ssi  i  t   ri  s   c ick li  v l t
and, accordingly, they are referred to as - gfs (revie ed in
artin, 1998; Tickle nd uns enberg, 2001). In addition, t o other
Fgfs are expressed in the chick AE : Fgf2, hich is also expressed
in the li b ectoder  and underlying esoder  (Savage et al.,
1993; Dono and Zeller, 1994), and Fgf19 (Kurose et al., 2004).
Fgf8 expression is detected in the limb surface ectoderm from
the earliest stages of limb development (16HH in the chick wing
and E9 in the ou e forelimb) (Fig. 4), and its expression is
con dered to mark th  precursors of th  AER (Martin, 1998;
Loomis et al., 1998; Bell et al., 1998). The early Fgf8 domain is
patched indicating a mixing of expressing and non-expressing
cells but rapidly evolves to a more compact domain encompass-
ing the process of maturation of the AER (Crossley et al., 1996).
Fgf8 is considered the antonomasia marker of the AER as its
expression temporally and spatially accompanies the whole exist-
ence o  th  AER. For his precise reason, Fgf8 expression in the
limb ectoderm is consider d a synonym of the presence of AER
cells. Although, as will be discussed later, a morphological AER
does form in the absence of Fgf8, and lso in the absence of Fgf8
and Fgf4 (Lewandoski et al., 2000; Moon and Capecchi, 2000;
Sun et al., 2002; Boulet t al., 2004).
The temporal discrepancy between the early beginning of Fgf8
xpression in the limb ectoderm and the ub equ nt establish-
ment of the matu e AER led to the intr duction f the term “pre-
AER” to refer to the cells that exp ss Fgf8 but have not y t
developed the morphology of the AER (Loomis et al., 1998;
Kimmell et l., 2000) (Fig. 4). This discrepancy is at the root of the
distinctio  sometim s made between molecular and morphologi-
cal AER and reflects the fact that the AER can be defined by either
morphologic l or molecular cr teria.
In ontrast to Fgf8, he oth r AER-Fgfs show a much mor
temporally and spatially restricted patt rn of expression. Their
expression is detected only after the matur  AER has been
t li , fi  t   tr l- t ri r i   t  
l r l l t  f . r l , f  i  r  l  i  t
st ri r- ist l rt f t  , v r t  s r l r  f
greatest gro th ( is ander and artin, 1992; aunders 1948)
(Fig. 5 - ). Interestingly, the expression of Fgf4 in the  is
regulated by F F8, since, in the absence of Fgf8 it beco es
te porally and spatially upregulated ( oon and Capecchi, 2000;
Lewandoski et al., 2000).
The proof that FGFs were resp nsible for AER function came
from experiments showing that several FGFs could act as substi-
tutes for the AER (Niswander et al., 1993; Fallon et al., 1994). An
xogenous source of FGF applied to the distal limb mesoderm
immediately after the removal of the AER was capable of sustain-
ing further elongation of the bud and the development of a close
to normal limb. The exogenously applied FGF also prevented the
cell death that normally occurs after AER removal and maintained
normal gene expression in the underlying mesoderm (Rowe et al.,
1982; Fallon et al., 1994). Therefore, the AER-FGFs provide
prolifer tion/survival factors for the underlying mesoderm that
allow normal progression of limb development. Of particular
rel vance was the finding that several FGFs were even capable
of inducing a supernum rary limb when ectopically applied to the
flank interlimb region in chick embryos (Cohn et al., 1995). In the
mouse, chimeras containing Fgf4-expr ssing cells show small
ectopic outgrowths in the flank and application of FGF4 beads to
the flank region of mouse embryos in vitro induces the formation
of ectopic limb buds (Abud et al., 1996; Tanaka et al., 2000).
Besi es Fgfs, a growing number of enes are known to be
expressed in the AER (Fig. 5). These include transcription factors
such as En1 (Loomis et a ., 1996), Dlx2, 5 and 6  (Bulfone t al.,
1993; Robledo et al., 2002; Kraus and Lufkin, 2006), Msx2
(Davidson et al., 1991), and Sp8, Sp9 and Sp6 (Treichel et al.,
2003; Bell et al., 2003; Nakamura et al., 2004); components of
sign ling pathway  such s Bmp2, 4 and 7 (Francis et al., 1994;
Lyons et al., 1995) Wnt3a/Wnt3 (Kengaku et al., 1998; Barrow et
al., 2003), Notch1, Jag2 and Rfng (Radical fringe; Laufer et al.,
i i
B C D E FA
Histological n lyse of cellular morpholo
that both mouse fore- and hind limbs and t e oposs m
hind limbs possess a distinct, protruding AER separat-
ing th dorsal and ventral sides of the limb whereas the
opossum forelimb doe not (Fig. 2). In mouse limbs of
limb Stage 5, there is bvious thickening and compaction
of the ectoderm at the distal tip of the limb bud (Fig.
2a). Similarly, the opossum hind limb at li Stage 5
displays a significant thickening of the distal ectoderm,
where the AER is locat (Fig. 2c). Agai , the AER of
the opossum hi d limb is ot as pronounc d as that of
the mouse. In cont st, i the opossu forelimb at imb
Stage 5, the thickness of the ectoderm is uniform along
the distal edge of t e limb bud, and there is no noticea-
ble compaction o rotrusi n of c lls f rmi g an AER.
Fgf8 Expression is Conserved in
Opossum Limbs
Analys s of patterns and levels of Fgf8 expre sion
indicate that Fgf8 expression is conserved in opossum
limbs. As revealed by in situ hybridization, Fgf8 tran-
scripts are expressed in a solid line along the DV bound-
ary of both the developing fore- and hind limb in
opossums, in a similar manner to that previously docu-
mented in oth r tetrapods (Fig. 3; Crossley and Martin,
1995; Crossley et al., 1996; ooper et al., in press).
Moreover, semi-quantitativ RT-PCR analysis of the lev-
els of Fgf8 transcript rev aled that the level of Fgf8
transcript is i distinguishable (p ¼ 0.8873) i mouse
and opo sum fore- nd ind limbs of com arable
Fig. 2. Histological sections of M. musculus (mouse) and M.
domestica (opossum) limbs during limb Stage 5, stained with hema-
toxylin and eosin. The AER can be seen protruding from the distal tip
of th limb bud in the mouse forelimb (A), and in the possum hind
limb (C), although the AER of the opossum hind limb is relatively less
prominent. However, even at the cellular level no physical AER ridge
can be detected along the DV boundary of the opossum forelimb (B).
Fig. 3. Fgf8 expression in M. domestica (opossum) fore- and hind
limbs. In situ hybridization reveals that Fgf8 is expressed (indicated by
black staining) normally in o os um forelimbs (A and B - Stage 28;
limb Stage 3) and hind limbs (C and D - Stage 30; li t 2).
Arrows indicate Fgf8 expression in the limb buds. (c) Semi-quantitative
RT-PCR reveals that Fgf8 is also expressed the same relative level in
the fore- (FL) and hind limbs (HL) of opossums (Mono.) and mouse,
Mus musc lus (Mus) at limb Stage 4.
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ventricles of the brain and otic cap ules
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periods of ti e. o ex res ion as de-
tected for Ec nt3a ( –S) in any e -
bryo throughout the three stages as-
sayed. Fo elimbs: A–E, L, N–P; hind
limbs: F–J, , Q–S. Scale = 250 µm.
Our results with coquı́ indicate that it may be expendable
evolutionarily as well.
In th dev lopi g chick n l mb, a key gene acting up-
st eam, initiating Fgf signaling, is the ca onical Wnt family
member Wnt3a. Wnt3a is expressed early in the presumptive
AER where it ind ces expressi n of Fgf8 via h c nonical
β-cate in ign li g pat way an ther by promotes AER
form tion (Kengaku et l. 1998). Subsequ ntly, Wnt3a is
expressed within the AER itself, initiating Fgf expression.
However, E Wnt3 is n t b erved t n oint duri g d -
velopment of coquı́ limb buds Fig. 2, N–S). Absence of
EcWnt3a expressi n in th developing coquı́ limb may indi-
cate that a different W t a ily memb fulfi s the rol of t is
gene in inducing the xpr ssion f EcFgf8 in this species. Con-
sistent with this idea, Wnt3a is not expressed in the forming
mouse AER and is unnecessary f r eit er Fgf8 expression or
AER fo m tion. Inste d, ifferent ca o ical W t, Wnt3,
is expressed in the early distal ectoderm and plays exactly
these roles in the mouse (Barrow et al. 2003). This surprising
finding demonstrates t at two f mily members wit i ntical
signaling properties can substitute for on a other ver evo-
lutionary time, even though they are not expressed together
in a redundant fashion in any known species.
One of the key gene i vo ved in proximodistal xis for-
ation downstream of Fgf activity is Wnt5a, which is ex-
pressed i th und rlyi g distal mesenchyme of the d velop-
in limb (Dealy et al. 1993). W t5a is essential for the growth
but not the patterni g of pro im distal limb structures
(Yamaguchi t al. 1999). As in am iotes, expression of
EcWnt5a in early coquı́ limb buds remains largely diffuse
with a slight distal bias (Fig. 3, A an D). This distal expres-
si n pattern bec es mor dis inct later in development,
b comin m re pron nced i th igit l pad by stages TS
6/7 (Fig. 3, B and E). By TS 8, expression in the mature limb
bud is confined to portions o the eveloping digi s as they
grow out from t e primary limb xis (Fig. 3, C and F). We
serve similar reduction in expression around the digits
of the hind limb, as observed in the chicken (Kawakami et al.
1999). However, and in contrast to several gene expression
pat rns, we do not observe a delay in expression of EcWnt5a
in the forelimb compared to the hind limb. Instead, expres-
sion of EcWnt5a in both limb buds proceeds at roughly the
sam pace in all four limbs.
One of the roles of Fgf activity in limb patterning is to
repress expression of the homeodomain transcription factors
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find that t e assumption is not corr ct.
This findi g has obvious implications for
our understanding of limb development
an  evolut n.
The prevailing v ew of limb tt r ing,
base  on experime ts in chick and mouse,
involves three distinct signalling centr s,
each controlling the differentiation of struc-
tures along o e of the anatomical xes of
the limb bud: proximodistal, anteropos-
terior and dorsoventral3. By using various
reagents we found that the proximodistal
and nteropost r r sy te s in Xen pus
appe r similar to t e mni t  speci ,
whereas the dorsove tral syst m appears to
be different (Fig. 1).
Th  mod l for dorsoventral patterning3
involves activation of the transcription fac-
tor En-1 in the ventral ectoderm at an e rly
stage. Expressi n of En-1 represse  the
expr ssion f tw  s gnalling molecules,
Wnt-7A and Radical fringe (Rf g), which
are therefore ade only in the dorsal ect -
d rm. The Wnt-7A signal causes the dorsal
mesenchyme to form dorsal structures. The
Rfng signal participates in the induction of
the apic l ectodermal ridg  (AER), proba-
bly by potentiating the action of another
sign l, Se rate, o  its receptor Notch-1 (refs
4, 5). We have examined he expression of
the g nes en-1, Wnt-7A, Rfng and Notch-1
in Xenopus limb buds. Of these, only en-1 is
expressed in th  expecte  position, the 
v n ral epidermi . Th  ther three d  not
sh w the expected region lizatio , but are
x ressed in a iffus  man er rough-
out the limb bud in bot  ecto erm an
mesenchyme. We have confirmed that they
really ar expressed, and that the diffuse
staining is not just nonspecific background,
by RNase protectio s (Fig. 2).
The proximodistal pattern of amniote
limbs arises from t  sequ ntial formation
f structures from a m s nchymal prog s
zone, the develop ental lability f which is
maint ined by fibroblast growth factors
(FGFs) secreted by the AER3. In Xenopus
ther  is an apical band of expression of
FGF-8, wh ch presumably functions as the
AER. There is also expression of the tran-
scrip ion f ctor Msx-1 in the underlyi g
progress zone. Th  anteroposteri r pa ter
arises in response to the secretion of Sonic
hedgehog (Shh) from the zone of polarizing
activity on the posterior side of the mes-
enchyme6. X nopus has a similar localized
expressi  of Shh, and a si ilar expression
of Bmp-2, in both the zone of olarizing
Figure 1 In situ hybridization in Xenopu limb buds at st ge 50/51 (a,  c–h) or stag  53 (b) for the eight 
genes st died.
We also determined whether sibling
bonds might reduce the impact of the
maternal bond, as lambs and kids form
close bonds with a twin. However, cross-
fostering opposite-sex twins of the same
genetic species (kids, n=10; lambs, n=8) did
n t prevent the maternal influence on pref-
erences from occurring (Fig. 1a, b).
Sheep, like primates, can recognize indi-
viduals using facial cues6,7. In choice tests
using pictures of sheep and goat faces, we
found that these alone could elicit prefer-
ence for females of the maternal species and
that effects were again stronger in males
(Fig. 2). Thus the face appears to be an
important source of attraction. 
This strong maternal influence on social
and sexual preferences may function to pre-
vent cross-species matings. However, it has
been argued for avian species that sexual
imprinting may also ensure an optimal out-
breeding strategy, as cross-fostered individ-
uals prefer mates that differ only slightly in
appearance from their mothers8. The fact
that male offspring are affected more than
females, and apparently for life, is evidence
that they are indeed more potently influ-
enced by their mothers. This indirectly sup-
ports Freud’s concept of the Oedipus
complex and suggests that males may also
be less able than females to adapt to altered
social priorities.
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All limbs are not 
the same
Recent papers published in Nature have
assumed that the mechanism of limb
development in all vertebrates is the same1, 2.
But if mechanisms were conserv d in all
tetrapods, we should expect to find them
in amphibians as well as in amniotes. We
have examined the expression of eight
important signalling and regulatory mol-
ecules in Xenopus imb developm nt nd
Xenopus	
B	
Amniote and anuran AER-specific Fgf ligands (8, 9, 17) are expressed
exclusively in axolotl limb mesenchyme
Proximal-distal outgrowth of the limb bud and maintenance of Shh-signaling from the ZPA are regu-
lated in tetrapods by the AER, and specifically by Fgf-signaling (Lewandoski et al., 2000;
Mariani et al., 2008; Niswander et al., 1993; Saunders, 1948). Several Fgfs are expressed in the
anuran and amniote AER (i.e. Fgf4, 8, 9, 17), but Fgf8 alone is required for cell survival and limb bud
outgrowth (L wandoski et al., 2000; Sun et al., 2002). Although an AER does not form during limb
development in the direct developing frog Eleutherodactylus coqui (Gross et al., 2011) or the mar-
supial Monodelphis domestica (Doroba and Sears, 2010), AER-Fgfs are still restricted to, and
expressed, in the ectoderm. Because salamanders lack a morphological AER, we asked if Fgf4, 8, 9
and 17 were expressed in the axolotl limb bud ectoderm. In contrast to anurans and amniotes, we
found that Fgf8, Fgf9 and Fgf17 were solely expressed in the mesenchyme (Figure 3A–C and
Supplementary file 1). We could not consistently detect Fgf4 during limb development and, when
we did, it was expressed at very low levels in the mesenchyme only (Figure 3—figure supplement
1). At stage 44, we detected Fgf8 in a broad mesenchymal zo e directly benea h the ctoderm
(Figure 3A). gf8 expression persisted in the distal mesenchyme un il stage 47 when it segregated
Figure 3. Amniote a d a uran AER-specific Fgf liga ds (8, 9, 17) a e express exclusively in xolo l limb mes nchy . (A, C–E) Dorsal views of stage
44–49 axolotl for limb with anterior (A) on to and o terior (P) on the bottom of eac panel. R d rrow indicate expres o domains. (A) Gremlin1
and Fgf8 expression t forelimb st es 44–49. Gr mlin1 is first xpres ed distally acr ss the anteroposterior axis at stage 45. As the limb bud lengthens
Gremlin1 expression becomes c ntralize at th d veloping z ugo d and remain tr gly expressed through stage 47. Between stages 48 and 49
Gremlin1 expr ssi n becomes posterio ly rest icted. Fgf8 is expressed xclusively in he mesenchyme (sta s 44–48). Fgf8 expression is first detected
at stage 44 with a slight anterior bias t at expa ds istally until stage 46 a d then shifts proximally. Fgf8 expression was not detected at stage 49. (B)
Fgf8 expressi n at stage 46 begins to segregat dor ve rally a d ultimately separates into se r te dor al nd ventral omains a stages 47–48.
Anteri r view of right limbs with orsal side on top and ventral side n b tom. (C) Fgf9 show i tal xpr ssion at st g s 45–46 with an additional
proximal domain at stage 46. Fgf17 is expressed dista ly with a post rior bias at stage 46 Fgf10 aintains distal mesenc y al expression at stages 45–
46. (D) FgfR1 and FgfR2 are expressed r ximally at stages 44–46. (E) Sch matic present ion of expression pattern fo Fgf8, Fgf9, Fgf17, Fgf10,
FgfR1 and FgfR2 at stag s 44–46. Black brackets show the ectod rmal layer.
DOI: https://doi.org/10.7554/eLife.48507.010
Th following figure supplement is available for figure 3:
Figure supplement 1. Fgf4 is expressed at extremely low levels in the limb mesenchyme.
DOI: https://doi.org/10.7554/eLife.48507.011
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Amniote and anuran AER-specific Fgf ligands (8, 9, 17) are expressed
exclusively in axolotl limb mesenchyme
Proximal-distal outgrowth of the limb bud and maintenance of Shh-signaling from the ZPA are regu-
lated in tetrapods by the AER, and specifically by F f-signaling (Lewandoski et al., 2000;
Mariani et al., 2008; Niswander et al., 1993; Saunders, 1948). Several Fgfs are expressed in the
anuran and amniote AER (i.e. Fgf4, 8, 9, 17), but Fgf8 alone is required for cell survival and limb bud
outgrowth (Lewandoski et al., 2000; Sun et al., 2002). Although an AER does not form during limb
development in the direct developing frog Eleutherodactylus coqui (Gross et al., 2011) or the mar-
supial Monodelphis domestica (Doroba and Sears, 2010), AER-Fgfs are still restricted to, and
ex ressed, in the ctoderm. Because salamanders lack a morphological AER, we asked if Fgf4, 8, 9
and 17 wer xpressed in the axolotl limb bud ectoderm. In contrast to anurans and amniotes, we
found th t Fgf8, Fgf9 and Fgf17 w re solely expressed in the mesenchy e (Figure 3A–C and
Supplementary file 1). We could not consistently detect Fgf4 during limb development and, when
we did, it was expressed at very low levels in the mesenchyme only (Figure 3—figure supplement
1). At stage 44, we detected Fgf8 in a broad mesenchymal zone directly beneath the ectoderm
(Figure 3A). Fgf8 expression persisted in the distal mesenchyme until stage 47 when it segregated
Figure 3. Amniote and anuran AER-specific Fgf ligands (8, 9, 17) are expressed exclusively in axolotl limb mes nchyme. (A, C–E) Dorsal vi w of tage
44–49 axolotl forelimbs with anterior (A) on top and po terior (P) on the bottom of each panel. R d arrows indicate exp ssion domains. (A) Gremlin1
and Fgf8 expression at forelimb stages 44–49. Gremlin1 is first expressed distally across the anteropo terior axis at stage 45. As the limb bud l ngthens
Gremlin1 expression becomes centralized at the developing zeugopod and remains strongly expressed through stage 47. Between stages 48 and 49
Gremlin1 expression becomes posteriorly restricted. Fgf8 is expressed exclusively in the mesenchyme (stages 44–48). Fgf8 expression is first detected
at stage 44 with a slight anterior bias that expands distally until stage 46 and th shifts proximally. Fgf8 expression was not det ct d at stage 49. (B)
Fgf8 expression at stage 46 begins to segregate dorsoventrally and ultimately separates into separat dorsal and ventral domains at stages 47–48.
Anterior view of right limbs with dorsal side on top and ventral side on bottom. (C) Fgf9 shows distal xpression at stages 45–46 with an dditi al
proximal domain at stage 46. Fgf17 is expressed distally with a post rior bias at stage 46. Fgf10 intains distal mesenchymal expression t stages 45–
46. (D) FgfR1 and FgfR2 are expressed proximally at stages 44–46. (E) Schematic representation of expression patterns for Fgf8, Fgf9, Fgf17, Fgf10,
FgfR1 and FgfR2 at stages 44–46. Black brackets show the ectodermal layer.
DOI: https://doi.org/10.7554/eLife.48507.010
The following figure supplement is available for figure 3:
Figure supplement 1. Fgf4 is expressed at extremely low levels in the limb mes nchyme.
DOI: https://doi.org/10.7554/eLife.48507.011
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that	 the	 pelvic	 fin	 bud	 appears	 earliest	 at	 3	wpf.	 The	 onset	 of	 pelvic	 fin	 development	
therefore	 strongly	 depends	 on	 the	 overall	 growth	 speed	 of	 the	 fish,	 which	 is	 in	 turn	
dependent	 of	 type	 and	 frequency	 of	 feeding	 as	 well	 as	 other	 external	 influences	 (under	
laboratory	 conditions	 this	 could	 be	 for	 example	 the	 size	 of	 the	 group	 or	 the	 water	
temperature).	 Once	 the	 fin	 bud	 has	 formed,	 the	 progression	 from	 one	 pelvic	 fin	
developmental	stage	to	the	next	takes	place	within	approximately	2	days.		
In	this	study,	the	expression	domains	of	the	two	examined	Fgf	genes,	Fgf8a	and	Fgf10a,	was	
found	to	 localize	 in	 the	mesenchyme	of	 the	pelvic	 fin	bud.	 In	a	previous	thesis,	conducted	
2013	by	Emily	Don,	Fgf	gene	expression	was	also	investigated	during	pelvic	fin	development	
(Don,	2013).	Contrary	to	the	results	presented	here,	Don	reported	Fgf8a	expression	 in	the	
most	 distal	 area	 of	 the	 pelvic	 fin	 bud	 at	 21	and	 28	dpf,	 respectively,	 thus	 locating	 in	 the	
apical	thickening	and	apical	fold,	respectively.	However	she	rated	the	expression	as	'difficult	
to	detect'	and	on	closer	 inspection	of	 the	 images	one	could	suspect	 that	Fgf8a	expression	




Fig.	47	 Expression	 of	 Fgf8a	 in	 zebrafish	 paired	 fins.	 Fgf8a	 transcripts	 were	 detected	 by	WISH	 in	 the	
pectoral	 and	 pelvic	 fin	 buds	 of	 zebrafish	 embryos	 and	 larvae	 at	 36	hpf	 and	 3	-	4	wpf,	 respectively.	




Overall,	 these	 results	 suggests	 a	 differing	 Fgf	 signalling	 network	 acting	 during	 the	
development	 of	 pectoral	 and	 pelvic	 fins	 in	 zebrafish.	 This	 has	 already	 been	 established	
before,	considering	 the	zebrafish	Fgf24	mutant	 ika,	 lacking	 the	entire	pectoral	 fin	while	at	
the	same	time	 the	pelvic	 fin	 remains	completely	unaffected	 (Fischer	et	al.,	2003).	Possibly	
this	might	also	be	attributed	 to	a	differing	evolutionary	origin	of	both	 types	of	paired	 fins	
since	pectoral	 fins	most	 likely	arose	earlier	 than	pelvic	 fins	 (Coates,	1993;	Coates	&	Cohn,	
1998;	 Don	 et	 al.,	 2013).	 How	 this	 process	 works	 in	 detail	 and	 in	 what	 way	 it	 could	 be	
Figure 5.7. fgf8a expression 
In situ hybridisation against fgf8a mRNA in wild-type (A, C, E) and pelvic finless (B, D, F) zebrafish in the 
pectoral fins (A, B) and developing pelvic fin stages (C-F).  A-B) fgf8a mRNA transcripts were detected in the 
distal edge of the pectoral fin buds of both wild-type and pelvic finless zebrafish at 36 hpf.  C-F) fgf8a mRNA 
transcripts were detected in the distal edge of the pelvic fins of wild-type zebrafish at 21 dpf and 28 dpf, but 
were not detected in the pelvic bulges of pelvic finless zebrafish at the same stages. Black arrowheads mark the 
location of the fgf8a mRNA transcripts. 
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therefore	 necessary	 to	 perform	 further,	 more	 detailed	 investigations	 concerning	 the	
expression	of	Fgf	genes	in	the	pelvic	fin	to	make	a	definite	conclusion.	In	future	studies,	the	
gene	 expression	 study	 should	 be	 expanded,	 aiming	 for	 the	 identification	 of	 all	 Fgf	 genes	
participating	in	pelvic	fin	development	and	their	respective	expression	domains.	To	start	of	
with,	 genes	 that	 are	 known	 to	 have	 a	 role	 in	 pectoral	 fin	 development	 would	 be	
recommended,	 which	 are	 Fgf4,	 Fgf16	 and	 Fgf24	 (Fischer	 et	 al.,	 2003;	Muto	 et	 al.,	 2014;	










Fig.	48	 Expression	 domains	 of	 RA	 signalling	 genes	 during	 pelvic	 fin	 development.	 Schematic	
representation	 of	 pelvic	 fin	 buds	 illustrating	 expression	 patterns	 of	 Rdh10a,	 Aldh1a2,	 Cyp26b1	 and	
Cyp26c1	during	S2	-	S6	of	pelvic	 fin	development	as	determined	by	WISH	staining	 (see	Fig.	14).	 Lighter	
and	darker	shading	represent	different	expression	intensities.	Rdh10a	is	weakly	expressed	in	S2	and	from	






























Fig.	49	 Expression	 of	Aldh1a2	 during	 early	 and	 late	 stages	 of	 pelvic	 fin	 development.	Determination	
either	by	WISH	(A-D)	or	via	Aldh1a2:eGFP	reporter	line	(E,F).	A-C:	Ventral	view	of	zebrafish	larvae	in	S<1,	
S1	and	S2.	Aldh1a2	expression	 is	visible	 in	a	 strip	 like	pattern	of	anteroposterior	orientation	along	 the	
pelvic	fin	field	(arrowheads).	In	S<1	the	signal	is	not	clearly	detectable	(?).	D-H:	Lateral	view	of	zebrafish	
juvenile	 in	 S8,	 S10	 and	 S>14.	 D:	 In	 S8,	 Aldh1a2	 expression	 is	 edging	 the	 developing	 fin	 rays	 (small	









2. Results and Discussion 
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2.2 Expression analysis of specific genes involved in the pelvic fin development 
The detailed functions of retinoic acid in the regulation of pelvic cartilage and fin formation 
remain widely obscure. Hence, the influence of RA on the genetic network behind pelvic fin 
and cartilage formation was examined in th  second part of this work. 
2.2.1 Expression analysis of aldh1a2 throughout the stages of pelvic fin 
development 
Figure 19: Expression analysis of ldh1 2 throughout the pelvic fin development, visualized by 
WISH (A-F) and by the aldh1a2:egfp reporter construct (G-H). Ventral (A-C) and lateral views (D-I) of 
the developing pelvic fins from untreated larvae. Expression signals are indicated by black and white 
arrowheads. (A) S<1: No explicit signal in most larvae before stage 1 (S<1). Some larvae exhibited a 
potential (?) strip like signal (white arrowheads). (B, C) Aldh1a2 is expressed within the emerging 
pelvic fin buds in stage 1 (B) a d stage 2 (C). (D, E) In stage 3 (D) and 4 (E), the expression is limited to 
the posterior, proximal region of the fin bud. (F) The aldh1a2 signal temporarily moves in anterior 
direction to the middle of the proximal fin insertion site in stage 5. (G) In stage 6, the signal is again 
located at the posterior, proximal fin bud margin. (H, I) In later stages, this signal is maintained and 
aldh1a2 is additionally expressed at the distal tips of the outgrowing fin buds and at the 
proximodorsal fin m rgin. Scale bar 100 µm. 
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WISH (A-F) and by the aldh1a2:egfp reporter construct (G-H). Ventral (A-C) and lateral views (D-I) of 
the developing pelvic fins from untreated larvae. Expression signals are indicated by black and white 
arrowheads. (A) S<1: No explicit signal in most larvae before stage 1 (S<1). Some larvae exhibited a 
potential (?) strip like signal (white arrowheads). (B, C) Aldh1a2 is expressed within the emerging 
pelvic fin buds in stage 1 (B) and stage 2 (C). (D, E) In stage 3 (D) and 4 (E), the expression is limited to 
the posterior, proximal region of the fin bud. (F) The aldh1a2 signal temporarily moves in anterior 
direction to the middle of the proximal fin insertion site in stage 5. (G) In stage 6, the signal is again 
located at the posterior, proximal fin bud margin. (H, I) In later stages, this signal is maintained and 
aldh1a2 is additionally expressed at the distal tips of the outgrowing fin buds and at the 








in	 the	 project	 where	 the	 effects	 of	 Cyp26a1	 overexpression	 on	 the	 Aldh1a2	 expression	
pattern	were	 investigated,	 it	was	 also	detected	 in	 S1	 and	 S2,	 in	 a	 strip	 like	pattern	 in	 the	
presumptive	area	of	pelvic	fin	bud	formation	(Fig.	S10)	(Weber,	2020).	This	is	in	conformity	
with	 previous	 observations	 (Fig.	49A-C)	 (Breu,	 2017).	 The	 reason	 for	 this	 discrepancy	
remains	elusive.	 It	seems	that	a	clear	detection	of	the	early	Aldh1a2	expression	is	difficult,	
probably	 due	 to	 methodical	 reasons.	 In	 this	 study,	 no	 treatment	 with	 Proteinase	 K	 was	
performed	 to	 avoid	 damage	 of	 the	 pelvic	 fin	 structure	 in	 order	 to	 facilitate	 its	 dissection.	
However	Proteinase	K	 treatment	might	be	helpful	 to	 reach	areas	 further	beneath	 the	skin	
(Vauti	et	al.,	2020).		
Nevertheless,	 three	 independently	 performed	 studies	 agree	 in	 the	 expression	 pattern	 of	
Aldh1a2	 in	Stages	3	 to	5	of	pelvic	 fin	development	 (Fig.	48)	 (Breu,	2017;	Welte,	2011;	 this	
study).	The	restriction	of	Aldh1a2	to	this	distinct	area	in	the	posterior	fin	bud	mesenchyme	
completely	differs	 from	the	expression	pattern	observed	 in	pectoral	 fin	 formation	 (Fig.	50)	
(Gibert	et	al.,	2006).	Here	Aldh1a2	expression	 is	visible	 from	28	hpf	 just	after	 the	onset	of	
the	 formation	 of	 the	 pectoral	 fin	 bud.	 Shortly	 thereafter	 (32	hpf),	 Aldh1a2	 expression	








stages	 of	 pelvic	 fin	 development,	 observed	 by	 Breu,	 2017,	 and	Weber,	 2020,	 in	 order	 to	
examine	 its	 exact	 localisation,	 for	 example	 by	 preparing	 cross-sections	 of	 the	 tissue.	 By	
means	of	these	experiments	it	might	be	revealed	whether	RA	is	 indeed	present	before	the	
onset	of	pelvic	fin	formation	or	only	thereafter,	which	is	important	to	elucidate	its	potential	
function	 in	pelvic	 fin	 initiation.	As	already	mentioned,	 in	case	of	pectoral	 fin	 induction,	RA	
diffuses	from	the	somites	to	its	site	of	action.	It	would	be	interesting	to	see	whether	there	is	









border	 of	 the	 fin	 mesenchyme.	 Arrowhead	 marks	 distal	 margin,	 arrow	 points	 to	 most	 proximal	




pelvic	 fins	 from	 S3	 to	 S5	 in	 a	 way	 reminds	 of	 the	 expression	 pattern	 of	 Shh,	 which	
characterizes	the	ZPA	in	the	posterior	margin	of	the	fin	bud	(Fig	15K-M).	Beginning	from	S5,	




roughly	 comparable	 to	 the	 shift	 in	 Shh	 expression	 that	 occurs	 in	 between	 S4	 and	 S5	
whereafter	it	is	found	right	at	the	site	of	the	arising	lepidotrichs	(Fig.	15N).	In	S10	and	later,	











Figure 5.7. fgf8a expression 
In situ hybridisation against fgf8a mRNA in wild-type (A, C, E) and pelvic finless (B, D, F) zebrafish in the 
pectoral fins (A, B) and developing pelvic fin stages (C-F).  A-B) fgf8a mRNA transcripts were detected in the 
distal edge of the pectoral fin buds of both wild-type and pelvic finless zebrafish at 36 hpf.  C-F) fgf8a mRNA 
transcripts were detected in the distal edge of the pelvic fins of wild-type zebrafish at 21 dpf and 28 dpf, but 
were not detected in the pelvic bulges of pelvic finless zebrafish at the same stages. Black arrowheads mark the 
location of the fgf8a mRNA transcripts. 
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transcripts were detected in the distal edge of the pelvic fins of wild-type zebrafish at 21 dpf and 28 dpf, but 
were not detected in the pelvic bulges of pelvic finless zebrafish at the same stages. Black arrowheads mark the 






incubated in 10 !M DEAB from 14, 18 and 22 hpf onwards, and
assayed for shh expression at 32 hpf. Inhibiting RA signaling from
14 hpf results in reduced fin buds devoid of detectable shh expression
and inhibition from 18 hpf onwards lead to a reduction of most shh
expression (Fig. 6O,P). By contrast, blocking RA signaling after 22
hpf had little effect on shh expression (Fig. 6M,N). This suggests that
AP patterning within the p ctoral fin field occurs throughout early to
mid-somitogenesis and prior to the formation of the limb bud. As
aldh1a2 is expressed in the fin bud after its AP pattern has been
established, somite-derived RA is required to pattern the developing
field along with the condensation of the fin mesenchyme.
Effects of RA depletion during pectoral fin
outgrowth
To examine the function of aldh1a2 expression within the
developing fin bud, we compared the effects of block ng RA
production by incubation in DEAB in wild type between 11 and 17
hpf, and during budding and outgrowth of the fin after 28 hpf. Larvae
(n=80) resulting from the former treatment lack pectoral fins. At 6
dpf, only the exoskeletal component of the shoulder girdle, the
cleithrum, is presen , whi e all endoskeletal derivatives, whic
develop from within the fin bud mesenchyme, are absent. Only in a
few cases (n=5/80) a much reduced scapulocoracoid had formed
(Fig. 7B). Larvae (n=80) incubated in DEAB from 28 hpf onwards
exhibit defects in the development of proximal skeletal elements of
the shoulder girdle (n=80) (Fig. 7C). More distal regions, in lu ing
the endoskeletal disc, do not show any defects that are detectable at
the molecular or morphological level (Fig. 7D-G). We conclude that
RA is required for the proper differentiation of the cartilaginous
elements of the shoulder girdle along their dorsoventral extent
(relative to the animal’s axis).
DISCUSSION
Somites provide RA for pectoral fin field
induction
The contribution of RA signaling to the establishment of the
forelimb field is poorly understood and the source for RA signaling
establishing the fin/limb field has remained elusive. We have
investigated this RA requirement in more detail and show that RA
induces pectoral fin field formation after gastrulation and prior to the
formation of somites 6-8. Thus, RA signaling between 12 and 13 hpf
is sufficient for pectoral fin field induction as marked by tbx5
expression. We show that RA signaling originates from expression
of aldh1a2 in somites 3-7, which appear during this time (Fig. 4).
RA synthesis from anterior somites thus fulfils several important
develop ental roles: induction of the fin field, as well as neural
patterning and motoneuron differentiation in the anterior spinal cord
(Begemann et al., 2004; Linville et al., 2004). Our findings also
explain the results of a previous study, in which treatment of
zebrafish embryos with citral, an unspecific inhibitor of
retinaldehyde dehydrogenases, from 80% epiboly to the two-somite
stage leads to morphologically normal fish that lack the pectoral fins
(Vandersea et al., 1998).
We observed a notable correspondence of temporal RA
requirement with the development of the somites flanking the
prospective forelimb field. In zebrafish, the pectoral fin develops
2655RESEARCH ARTICLERetinoic acid in fin development
Fig. 5. Expression of aldh1a2 in wild-type pectoral fins. hole-
mount in situ hybridizations. Anterior is towards the left: dorsal (A) and
lateral views (B-F). Pectoral fin buds at 28 hpf (A,B), 32 hpf (C), and 2, 3
and 5 dpf (D-F). (A,B) aldh1a2 is expressed in the posterior part of
developing pectoral fins and adjoining lateral plate mesoderm; bracket
demarcates the fin proper. (C,D) aldh1a2 expression is r stri ted to the
fin mesenchyme. (E,F) From 3 dpf onwards, expression is restricted to
the proximal, anterior and distal margins of the mesenchyme, and is
downregulated in the distal margin by 5 dpf. Scale bars: 100 !m.
Fig. 6. Expression of marker genes in the
mesenchyme and ectoderm of wild-type
and pectoral fins. Treatment with 10 !M
DEAB, starting from 16 hpf to 28 hpf (A-D),
38 hpf (I,J) and 40 hpf (E-H,K,L); and from
differing starting times to 32 hpf (M-P).
Anterior is towards the left. (A,B) hand2 is
expressed in the medial and posterior
mesenchyme of wild type (arrow), but is not
expressed in the absence of RA. (C,D) shh is
expressed in the posterior mesenchyme
(arrow), but is not expressed in the absence of
RA. (E-H) hoxd11 and hoxd12 are expressed
in the posterior mesenchyme and fail to be
induced in the absence of RA. (I,J) hoxc6,
which is normally restricted to the anterior
mesenchyme, is expanded posteriorly in
DEAB-treated embryos. (K,L) dlx2a, a marker
of the apical fold, is normally expressed in the
absence of RA. (M-P) shh induction is lost
















fin	 development.	 As	 soon	 as	 the	 first	 signs	 of	 the	 pelvic	 fin	 bud	 appear	 (S2)	 its	 influence	
seems	 to	 shrink.	 Overall,	 a	 complete	 inhibition	 of	 pelvic	 fin	 formation	 (SM5,	 FM3)	 was	
observed	 in	 24	%	 (4/17)	 of	Hsp70l:Cyp26a1+/-	 individuals	 treated	 from	 S<1	 and	 7	%	 (1/14)	





probably	 due	 to	 the	 different	 approaches	 of	 the	 experiments.	 The	 heat-shock	 treatment	
does	not	 affect	every	 individual	 at	 the	 same	 intensity.	 This	 is	 also	 reflected	 in	 the	 various	
severity	 of	 the	 eye	 lens	 destruction	observed	 in	 several	Hsp70l:Cyp26a1+/-	 larvae	 (Fig.	S5).	
Some	 fish	 show	 only	 minor	 impairments	 and	 some	 exhibiting	 a	 totally	 destroyed	 eye	
structure.	 This	 could	 be	 due	 to	 differing	 copy	 numbers	 of	 the	 transgene	 present	 in	 the	
larvae.	 The	 transgenic	 line	 was	 created	 using	 the	 I-SceI	 meganuclease	 system	 (Blum	 &	
Begemann,	2012;	Kikuchi	et	al.,	2011).	Similar	to	the	Tol2	transposon	system,	this	technique	











It	 is	 also	 interesting,	 that	 a	 low	 percentage	 of	Hsp70l:Cyp26a1-/-	 larvae,	 lacking	 the	 heat-
shock	promoter	 transgene,	exhibited	severe	 to	medium	malformations	 (SM4	-	SM2)	of	 the	
endo-	 and	 exoskeletal	 parts	 of	 their	 pelvic	 fins.	 This	 indicates	 that	 there	 is	 a	 background	
effect	on	pelvic	fin	development	potentially	caused	by	the	stress	arising	with	the	heat-shock	
treatment.	 During	 the	 procedure,	 the	 fish	 are	 regularly	 caught,	 undergo	 the	 heat-shock	
treatment	and	are	put	back	in	the	cooler	facility	water	afterwards.	Control	fish	that	were	left	
completely	 untreated	 showed	 a	 significantly	 higher	 growth	 rate	within	 the	 four	weeks	 of	
treatment	period	(data	not	shown).		
Nevertheless,	 the	 differences	 in	 pelvic	 fin	 appearance	 between	 Hsp70l:Cyp26a1+/-	 and	
Hsp70l:Cyp26a1-/-	 larvae	 are	 striking.	 The	 vast	 majority	 of	 Hsp70l:Cyp26a1+/-	 fish	 treated	
from	S<1	and	S1	developed	at	least	minimal	pelvic	structures	or	exhibited	severe	to	medium	
pelvic	reductions	(categorized	in	SM4	-	SM2).	The	most	frequent	reductions	were	observed	
for	 the	posterior	process	 and	 the	 radials	 (Fig.	16E,F).	 These	 structures	 serve	as	 anchors	of	
the	 lepidotrichs,	 which	 is	 why	 incorrectly	 attached	 fins	 were	 often	 associated	 with	 it	
(Fig.	16E,E').	The	structure,	which	was	mostly	little	affected,	was	the	anterior	process.	Even	
in	 fish	 assigned	 SM4,	 a	 basic	 anterior	 process	 structure	 was	 present,	 albeit	 shortened	
(Fig.	16C).	 Those	 fish	 in	 which	 this	 skeletal	 element	 was	 nearly	 lost	 (Fig.	16D)	 were	 the	
exception.	 The	 anterior	 process	 is	 the	 structure	 that	 is	 formed	 first	 in	 pelvic	 girdle	





was	 found	 after	 DEAB	 treatment	 (Fig.	9G)	 (Welte,	 2011).	 This	 phenotype	 has	 not	 been	
documented	in	the	long-term	DEAB	experiments	conducted	by	Breu,	2017.	However,	in	this	
study,	 it	 was	 observed	 again	 following	 heat-shock	 treatment	 in	 few	 Hsp70l:Cyp26a1+/-	
individuals	 (Fig.	16E,	arrowhead).	 Since	 it	 appears	 in	another	genetic	 context	 than	KN	WT,	
this	suggests	that	it	might	actually	be	due	to	reduced	RA	signalling.	The	further	observation	






Furthermore	 it	 was	 observed	 that	 RA	 deficiency	 had	 the	most	 impact	 on	 the	 length	 and	
internal	 organization	 of	 the	 pelvic	 girdle	 (Fig.	18E-G).	 In	 contrast	 to	 that,	 the	 total	 width	
generally	 was	 little	 affected	 (Fig.	18E).	 The	 reduced	 length	 might	 be	 attributed	 to	 an	
impaired	chondrogenesis.	Several	studies	described	and	reviewed	the	participation	of	RA	in	
chondrogenesis	 and	 bone	 formation	 (Adams	 et	 al.,	 2007;	 Draut	 et	 al.,	 2019;	 Jiang	 et	 al.,	
1995;	Laue	et	al.,	2008;	Wang	et	al.,	2014).	Studies	on	facial	and	axial	bones	demonstrated	
Cyp26b1	expression	in	chondrocytes,	osteoblasts	as	well	as	their	associated	precursor	cells.	
Increased	 RA	 concentration,	 either	 in	 the	Cyp26b1	mutant	dolphin	 (dol)	 or	 after	Cyp26b1	
knockdown	 led	 to	 defects	 of	 the	 facial	 cartilage	 with	 missing	 and	 fused	 structures,	
particularly	 affecting	 the	 midline	 elements	 (Laue	 et	 al.,	 2008).	 This	 was	 attributed	 to	 a	
mediolateral	 RA	 gradient	 with	 lower	 RA	 concentrations	 towards	 the	midline	 (Laue	 et	 al.,	
2008).	An	 in	vitro	study	on	isolated	rat	hindlimb	bud	mesenchymal	cells	postulated	a	dose-
dependent	 inhibition	 of	Pitx1	 expression	 upon	 exposure	 to	 excess	 RA.	 The	modulation	 of	
Pitx1	 signalling	 caused	 downregulation	 of	 Sox9	 and	 Col2a1	 and	 therefore	 impaired	
chondrogenesis	 (Wang	et	al.,	2014).	Another	 in	vitro	 study,	based	on	cultured	mouse	 limb	
bud	mesenchymal	cells	is	in	conformity	with	this.	It	focused	on	manipulation	of	RA	signalling	
by	 downregulation	 of	 Rar	 genes,	 in	 particular	 Rarβ2,	 which	 had	 a	 enhancing	 effect	 on	




pelvic	 girdle	 was	 a	 project	 worth	 investigating	 in.	 However,	 the	 establishment	 of	 an	 EdU	




Regarding	 the	 exoskeletal	 part	 of	 the	 fin,	 it	 was	 generally	 developed	 in	 the	 majority	 of	
treated	Hsp70l:Cyp26a1+/-	 individuals	 (Fig.	17B).	 However,	 significant	 reductions	 of	 the	 fin	
(bud)	length	and	the	number	of	the	fin	rays	suggest	that	growth	was	nevertheless	impaired.	









In	 this	 context,	 it	 would	 additionally	 be	 interesting	 to	 see	 what	 effect	 Cyp26a1	
overexpression	has	on	the	appearance	of	 the	pectoral	 fins.	Their	metamorphosis	 from	the	
larval	to	the	adult	form	takes	place	during	approximately	the	same	time	span	and	likewise	
involves	 RA	 signalling	 as	 revealed	 in	 the	 course	 of	 a	 side	 project	 of	 this	 thesis	 (Fig.	S29)	
(Mück,	2018).	





Cyp26a1	 overexpression	 or	 DEAB	 treatment	 in	 case	 of	 the	 previous	 studies	 (Breu,	 2017;	
Welte,	2011).	The	growth	retardation	caused	by	the	long-term	RA	deficiency	situations	was	
clearly	 significant	 (Fig.	18B)	 (Breu,	 2017;	 this	 study).	 Moreover,	 side	 effects	 like	 the	
destruction	 of	 the	 eye	 lenses	 resulted	 in	 lower	 food	 intake	 and	 impaired	 the	 general	
condition	 of	 the	 Hsp70l:Cyp26a1+/-	 larvae.	 Besides,	 since	 irregularities	 in	 pelvic	 girdle	
formation	also	occur	 frequently	 in	wild	type	fish	 (Fig.	3)	 (Draut,	2020;	Marzi,	2015),	not	all	
significant	variations	concerning	the	distances	within	the	pelvic	girdle	(Fig.	18F,G)	can	in	fact	
be	 attributed	 to	 reduced	 RA	 signalling.	 A	 comparison	 of	 the	 phenotypes	 shown	 in	 Fig.	16	
with	 the	 pelvic	 girdles	 in	 Fig.	3	 dissected	 from	 WT	 fish	 suggests	 that	 some	 appearances	
represent	a	younger	developmental	 stage	 rather	 than	a	malformation	due	 to	manipulated	
RA	signalling.	
In	this	context,	it	also	has	to	be	mentioned	that	no	changes	in	the	expression	pattern	of	the	
investigated	 pelvic	 fin	 specific	 genes,	Pitx1,	Tbx4,	Fgf10a,	Fgf8a,	 could	 be	 detected	 in	 the	
course	of	the	performed	gene	expression	studies	(Fig.	S6	-	S11)	(Weber,	2020).	This	is	in	line	
with	the	observations	of	Breu,	2017.	Following	short-time	DEAB	treatments,	no	changes	 in	




expression	 level	 of	 Aldh1a2	 was	 unchanged	 following	 Cyp26a1	 overexpression	 (Fig.	S10),	
possibly	indicating	that	the	experimental	setup	of	the	expression	studies	was	not	suitable.	
In	several	studies,	a	feedback	mechanism	between	RA	production	and	degradation	has	been	
described,	 agreeing	 that	 excess	 RA	 leads	 to	 upregulation	 of	Cyp26a1	 in	 combination	with	
simultaneous	 downregulation	 of	 Aldh1a2	 expression	 (Begemann	 et	 al.,	 2001;	 Dobbs-
McAuliffe	 et	 al.,	 2004;	 Emoto	 et	 al.,	 2005;	 Kudoh	 et	 al.,	 2002).	 The	 other	 way	 round,	 in	
zebrafish	nls	mutants,	which	are	bearing	a	point	mutation	in	the	Aldh1a2	gene	that	leads	to	
an	 inactive	 protein,	 an	 upregulation	 of	 Aldh1a2	 gene	 expression	 was	 documented	
(Begemann	 et	 al.,	 2001).	 Thus,	 following	 Cyp26a1	 overexpression	 an	 upregulation	 of	







accomplish	a	 local	disruption	of	RA	 signalling,	 affecting	only	 the	pelvic	 region	and	not	 the	
entire	organism.	For	this	purpose,	extensive	work	was	carried	out	in	this	study	to	establish	
the	Gal4-UAS	system	(see	chapter	2.3	and	3.3).	In	principle,	a	local	heat-shock	treatment	of	
Hsp70l:Cyp26a1+/-	 larvae	would	 also	 be	 possible	 (Shoji	 &	 Sato-Maeda,	 2008),	 however,	 in	
















Fig.	51	 The	 Gal4-UAS	 system	 to	 manipulate	 RA	 signalling	 in	 zebrafish	 pelvic	 fins.	 Schematic	
representation	of	the	Gal4-UAS	system	as	could	be	created	on	the	basis	of	the	findings	from	this	work.	
The	driver	 lines	express	an	inducible	Gal4	variant	under	the	control	of	pelvic	fin	specific	enhancers.	On	
the	 other	 hand,	 in	 the	 effector	 lines,	 genes	 inhibiting	 RA	 signalling	 (RAI)	 are	 under	 the	 control	 of	
4xnrUAS.	Both	lines	are	equipped	with	different	marker	genes	(α-crystallin:mRFP	or	cmlc2:mCherry)	that	
facilitate	identification	of	transgenic	fish.	Upon	backcrossing	of	fish	from	driver	or	effector	lines	with	the	
fli:eGFP	 line,	application	of	the	pelvic	 fin	staging	system	(Marzi,	2015)	 is	possible.	Triple	transgenic	 fish	
possessing	 the	 fli:eGFP	 transgene	 as	well	 as	 the	 driver	 and	 effector	 element	 can	 be	 identified	 by	 red	
fluorescence	 in	 the	 eye	 lenses	 and	 the	 heart.	 Following	 the	 staging	 procedure,	 the	 induction	 of	 the	






functional	on	their	owns.	 In	case	of	 the	effector	 lines,	 the	5xUAS	used	at	 the	beginning	of	
this	project	and	the	later	evaluated	4xnrUAS	were	shown	to	be	equivalent	in	terms	of	their	
potential	to	activate	downstream	located	target	genes.	For	this	reason,	the	4xnrUAS	would	
be	 the	 perfect	 choice	 for	 establishing	 transgenic	 zebrafish	 for	 long-term	 breeding	 due	 to	
their	lower	susceptibility	to	silencing	(Akitake	et	al.,	2011;	Goll	et	al.,	2009).	The	dominant-
negative	version	of	the	zebrafish	Rarα2a	gene	(dnRarα2a)	turned	out	to	be	suitable	in	order	
to	 effectively	 block	 RA	 signal	 transduction	 (Fig.	21,	 Fig.	24;	 Fig.	32).	 The	 created	 effector	
plasmids	and	zebrafish	lines	containing	this	gene	can	therefore	be	used	for	further	studies.	
In	case	of	dnRarα2a	all	tested	versions	-	fusion	or	IRES	construct;	in	combination	with	eGFP	





























it	 is	 visualized	 in	 Fig.	51,	 the	 constructs	 using	 mRFP	 as	 a	 reporter	 gene	 would	 be	
recommended	as	otherwise	the	eGFP	signal	would	be	superimposed	by	the	strong	signal	of	
the	fli:eGFP	marker	and	undistinguishable	from	it.		
In	 case	 of	 Cyp26a1	 the	 situation	 is	 different.	 Cyp26a1	 was	 inactive	 as	 a	 fusion	 protein,	
regardless	 of	 its	 combination	 with	 eGFP	 at	 the	 N-	 or	 C-terminus	 or	 with	 mRFP	 (Fig.	20,	
Fig.	24,	 Fig.	31).	 Most	 likely	 the	 used	 linker	 peptide	 consisting	 of	 three	 Glycine	 residues	
(3xGly)	was	too	short	and/or	too	flexible.	Glycine	(Gly)	linkers	are	frequently	used	to	provide	
flexibility	between	the	single	components	of	fusion	proteins	based	on	the	small	size	of	the	
amino	 acid.	 In	 this	 context,	 linkers	 of	 six	 or	 eight	 consecutive	 Gly	 were	 reported	 to	 be	
functional	(Chen	et	al.,	2013;	de	Bold	et	al.,	2012;	Sabourin	et	al.,	2007).	Also	the	usage	of	
Gly	and	Ser	residues	was	proven	to	function	in	linkers	due	to	the	combination	of	small	and	
polar	 amino	 acids	 (Chen	 et	 al.,	 2013).	 However,	 in	 this	 particular	 case	 a	more	 rigid	 linker	
could	be	useful	 instead.	It	ensures	the	spatial	distance	between	the	individual	components	
and	can	 thus	 facilitate	correct	 folding.	Cyp26a1	needs	 to	preserve	 its	ability	 to	bind	RA	as	
well	 as	 its	 catalytic	 activity	 to	 transform	 the	 bound	RA	 to	more	 polar	metabolites.	 In	 this	
process,	several	amino	acid	residues	of	Cyp26a1	are	involved,	which	is	why	a	correct	protein	
structure	 is	 absolutely	 essential	 (Awadalla	 et	 al.,	 2016).	 The	 use	 of	 Cyp26a1	 in	 an	 IRES	






et	 al.,	 2013;	 Menke	 et	 al.,	 2008).	 Apart	 from	 this,	 the	 other	 tested	 enhancers	 mediated	
specific	 transgene	 expression	 in	 pelvic	 fins	 and	 pectoral	 fins	 in	 the	 case	 of	 Prrx1a	 and	
Prrx1b1.	 The	 tandem	 constructs	 containing	 four	 consecutive	 repeats	 of	 Prrx1a	 or	 Prrx1b1	
enhancer,	 however,	 have	 neither	 shown	 to	 be	 more	 active	 nor	 less,	 but	 to	 function	
approximately	 on	 the	 same	 level	 (Fig.	33).	 In	 contrast	 to	 that,	 a	 significantly	 increased	





For	 all	 three	 evaluated	 Gal4	 variants	 -	 ERT2-Gal4-VP16,	 KalTA4-ERT2	 and	 GAVPO	 -	 the	
functionality	 in	 the	 zebrafish	 model	 as	 well	 as	 their	 compatibility	 either	 with	 5xUAS	 or	
4xnrUAS	 was	 demonstrated.	 Based	 on	 the	 results	 of	 the	 experiments,	 their	 triggered	
activation	 of	 UAS-controlled	 target	 genes	 is	 estimated	 to	 be	 equivalent.	 No	 significant	
background	 activity	 was	 observed	 for	 any	 of	 the	 ERT2-fused	 Gal4	 variants.	 The	 low	
background	activity	 resulting	 from	GAVPO	 is	most	 likely	due	 to	 the	 fact	 that	 the	 injection	
process	 was	 performed	 under	 normal	 room	 lighting.	 By	 optimizing	 this	 setup,	 by	 further	


















In	each	of	 the	reporter	and	driver	 lines	established	here,	gene	expression	was	detected	 in	






avoid	 such	 effects	 would	 be	 the	 usage	 of	 insulator	 sequences	 that	 shield	 the	 inserted	
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and	 effector	 lines.	 This	 contradicts	 earlier	 studies,	 since	 the	 functionality	 of	 the	 elements	
used	here	has	already	been	proven	and	established	in	several	previous	studies	(Akerberg	et	
al.,	 2014;	 Distel	 et	 al.,	 2009;	 Gerety	 et	 al.,	 2013;	 Kajita	 et	 al.,	 2014;	 Wang	 et	 al.,	 2012).	
Therefore	the	mistake	must	originate	in	the	present	experimental	setup.	
Several	different	promoter	and	enhancer	combinations	were	used	in	the	driver	and	effector	
plasmids	 constructed	 here.	 Most	 plasmids	 contained	 two	 different	 functional	 units:	 the	
driver	 or	 effector	 part	 and	 an	 additional	 marker	 construct,	 which	 is	 used	 to	 simplify	 the	
identification	 of	 transgenic	 fish.	 One	 way	 to	 possibly	 improve	 the	 stability	 of	 the	 system	
could	 be	 to	 insert	 insulator	 sequences	 between	 these	 individual	 components.	 This	 could	










incorporated	 in	order	 to	enable	a	practical	application	of	 the	system	 in	 the	context	of	 the	
question	posed,	to	elucidate	the	role	of	RA	in	the	development	of	pelvic	fins.	
Of	course	there	is	also	the	possibility	of	switching	from	the	Gal4-UAS	system	to	a	completely	
different	method	 that	enables	 tissue-specific	gene	expression.	 In	 this	 context	 the	Cre/loxP	
system	 should	 be	 mentioned.	 Apart	 from	 tissue-specifity,	 this	 method	 provides	 also	 the	







it	 for	 other	 applications	 in	 addition	 to	 the	 knock-out,	 as	 it	 was	 carried	 out	 for	 Pitx1.	
Meanwhile,	 the	CRRISP/Cas9	 technology	offers	numerous	options,	 including	 tissue-specific	
gene	disruption	(Ablain	et	al.,	2015).	Applying	this	method	to	disrupt	essential	genes	of	the	










in	 one	 single	 construct.	 The	 results	 obtained	 from	 the	 functionality	 tests	 of	 these	 fusion	
constructs,	however,	were	not	completely	convincing,	which	 is	why	their	potential	 is	rated	
rather	mediocre.	Nevertheless,	the	dnRarα2a-ERT2	construct	seemed	to	be	 inducible	by	4-
OHT,	 whereas	 the	 ERT2-dnRarα2a	 variant	 exhibited	 a	 high	 activity	 that	 was	 completely	
independent	 of	 the	 presence	 of	 4-OHT	 (Fig.	35).	 Looking	 at	 the	 structure	 of	 the	 Rar/Rxr	
heterodimer,	the	reason	for	this	might	become	clearer	(Fig.	52).	The	interaction	of	Rar	and	
Rxr	takes	place	via	the	helices	10	(H10),	while	H1	and	H2	are	the	major	elements	responsible	
for	 detection	 of	 RAREs	 and	 DNA	 binding	 (Rastinejad	 et	 al.,	 2000;	 Sato	 et	 al.,	 2010).	 As	


















The	 basic	 aim	 of	 this	 project,	 the	 establishment	 of	 the	 protocol	 for	 the	 CRISPR/Cas9-
mediated	 knock-out,	 was	 successful.	 Four	 individual	 zebrafish	 strains	 carrying	 different	








however,	 deletions	 of	 9,	 8,	 6	 and	 3	 base	 pairs	 were	 found	 in	 the	 four	 established	 Pitx1	
knock-out	lines.	The	effectiveness	of	the	Pitx1	sgRNA	T19	was	stated	by	TIDE	with	19.2	%.	In	





LBD [23]. The size of the atRA is 278 Å3. The comparison of the
volume of the ligand bin ing cavity is 418 and 503 Å3 and the
retinoic acid occupies 66.5% and 55.3% of the pockets for RARa
and RARa, respectively. The difference of the cavity size around
100 Å3 is due to the different residues of the two isotypes forming
the ligand binding pocket (LBP).
The rexinoid antagonist LG100754 is buried in the LBP of
RXRa formed by residues located on helices 3, 5, 7, 11 and the b-
turn (Figure 5). The interactions are mainly hydrophobic with 80
Van Der Waals (VDW) contacts with the LBP at 4.2 Å cutoff. The
carboxylate group makes an anchoring salt bridge with Arg321
[hArg316] (H5) and hydrogen bond with amino group of Ala332
[hAla327] (LoopH5-H6) in the hydrophobic pocket, similarly as
observed with the carboxylate of 9-cisRA in the RXRa complex
[24]. One water molecule makes a hydrogen bond network
between the carboxyl group of LG100754 and the amino group of
Leu314 [hLeu309]. The tetrahydronaphatalene moiety of
LG100754 interacts with residues of H3, H5, H7 and H11
through VDW contacts and notably with Trp310 [hTrp305] (H5)
(Figure 5). Compared to the 9-cisRA-bound RXR, the carboxylate
and tetrahydronaphatalene group of LG100754 are located at the
places which correspond to that of the carboxylate and b-ionone
group of 9-cisRA. The propoxy group is pointing towards H11 and
interacts with this helix through VDW contacts notably with
Leu441 [hLeu436] which is repositioned (Figure 6A). The electron
density map of the end of the propoxy group is poor because of its
flexibility (see Figure 2B). A remarkable feature is the solvent
accessibility of this LBP because of the flip of H12 to the solvent.
According to crystallographic symmetry, this accessible region of
the LBP is covered by LoopH11-H12 (mainly Phe443 [hPhe338]
and Asp449 [hAsp444]) of another RXRa symmetry related
molecule (Figure 4). The active agonistic conformation of H12 of
RXRa is prevented by the long-tailed propoxy group of
LG100754 which induces a steric hindrance with Leu456
[hLeu451], and consequently the coactivator peptide binding as
shown for the superimposition of RXR-LG100754 and RXR-9cis
RA (Figure 6A). Oleic acid, a neutral RXR ligand, has been
crystallized in an RXR agonist conformation in RXR homodimer
[25] and in an RXR antagonist conformation in RAR/RXR
heterodimer [12]. Superposition of RXRa bound to LG100754
and to oleic acid in RXR antagonist conformation shows two
different antagonist conformations. Indeed, the propoxy group of
LG100754 i duces a steric hindra ce with Leu446 [hLeu441] in
the LoopH11-H12 as observed in the RXR-oleic acid antagonist
conformation, precluding H12 binding to the coactivator cleft
(Figure 6B). This new structural information is in agreement with
the inability of RXRa-LG100754 homodimer to bind to any
coactivator or corepressor [26]. Phe442 [hPhe437] and Phe443
[hPhe438] in H11 of RXRa which are known to play important
roles in the transition of the apo to agonist conformation [13], flip
out to the solvent region in the present antagonistic structure
(Figure 6).
Structural comparison of LG100754 with other RXR
antagonists
Among the few reported RXR antagonists [27–28], two other
types have been described, namely the dibenzodiazepine deriva-
tive HX531 [29] and UVI3003 [30] (Figure 1). In the first case, a
docking model proposed [24] that the additional bulky NO2 group
of HX531 causes a steric hindrance with Gln311 [hGln306] (H5),
Trp310 [hTrp305] (H5) and Leu438 [hLeu433] (H10). Indeed, a
different antagonistic structure should result in different action on
coregulator interaction and function of RXR. Since Leu438
[hLeu433] is part of the dimerization interface, the steric
hindrance with Leu438 [hLeu433] is likely to affect the
dimerization.
In contrast, the structural basis of the antagonism of UVI3003
should be similar to that of LG100754. The crystal structure of the
complex of RXR and the partial agonist UVI3002 [30] (Figure 1)
reveals that the alkyl ether group of UVI3002 is located at the
same position as the propoxy group of LG100754 but its length do
not prevent the agonist conformation. Therefore, UVI3003 which
has a longer alkyl group than UVI3002 should similarly prevent
H12 associating to the LBD and the RXR complex should adopt
an antagonistic conformation as in RXR-LG100754. In agree-
ment with this molecular mechanism of antagonism, analogues of
LG100754 with shorter groups such as ethyl or methyl groups
Figure 2. Overall structures of the RARa-atRA/RXRa-LG100754
LBD heterodimer. (A)The RARa (in green)/RXRa (in cyan) heterodimer
is shown by the cylindrical helices representation. Helices are numbered
from N- to C-terminus with the activation helices H12 in red. The TIF-2
coactivator peptide bound to RARa through a surface formed by H3, H4
and H12 is shown in orange. The two ligands are shown by stick
representation with carbon and oxygen atoms colored in yellow and
red, respectively. (B) Conformations of the bound ligands. atRA
(left) and LG100754 (right) are shown in their 2Fo – Fc electron density
map contoured at 1.0 s.
doi:10.1371/journal.pone.0015119.g002
The Rexinoid LG100754 in RAR/RXR Heterodimer
PLoS ONE | www.plosone.org 4 November 2010 | Volume 5 | Issue 11 | e15119
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obtained	 from	 heterozygous	 F1	 individuals,	 it	 reliably	 calculates	 the	 underlying	 indel	
mutation,	 under	 the	 prerequisite	 that	 the	 sequencing	 data	 are	 of	 sufficiently	 high	 quality	
(compare	Fig.	42	to	Fig.	43	and	Fig.	S26B).	
The	 accuracy	 of	 the	mutagenesis	 detection	 using	 T7E1	 assay	 is	 generally	 rated	 very	 good	
(Sentmanat	 et	 al.,	 2018).	 However,	 of	 six	 potential	 founders,	 two	 turned	 out	 to	 be	 false	
positives.	A	possibly	explanation	 for	 this	 could	be	sequence	polymorphisms	present	 in	 the	
selected	target	 locus	(Germini	et	al.,	2017;	Kim	et	al.,	2014),	although	no	 indication	of	this	
was	 found	 in	 the	 course	 of	 repeatedly	 performed	 sequencing	 processes	 of	 this	 particular	
Pitx1	area.		
With	 regard	 to	 the	 phenotypic	 effects	 of	 the	 four	 different	 mutations,	 no	 conclusive	
observations	 could	 be	 made.	 The	 three	 different	 deletions	 present	 in	 the	 zebrafish	 lines	
derived	from	the	founders	♀4,	♂8	and	♂15,	only	affect	few	amino	acids	directly	at	the	N-
terminus	of	Pitx1.	For	the	molecular	activity	of	homeodomain	transcription	factors	primarily	








In	 contrast	 to	 that,	 the	phenotypic	 effects	 resulting	 from	 the	 frameshift	mutation	 in	Pitx1	
present	 in	 the	 zebrafish	 line	 derived	 from	♂7	were	 expected	 to	 be	more	 drastic	 since	 all	
subsequent	amino	acids	after	Ser(8)	are	affected	(Fig.	43;	Table	8),	 including	the	conserved	
homeodomain.	 The	 corresponding	 mouse	 Pitx1-/-	 null	 mutants	 was	 generated	 either	 by	
deletion	of	 the	homeodomain-encoding	 exon	or	 by	 replacing	 the	homeodomain	by	 a	 lacZ	
construct	(Lanctôt	et	al.,	1999;	Szeto	et	al.,	1999).	As	explained	in	the	introduction,	the	mice	
embryos	die	upon	birth	and	exhibit	severe	defects	of	the	hindlimbs	and	 jawbones	and	the	
pituitary	 gland.	 In	 zebrafish	 embryos	 of	 the	 F2	 generation	 from	 founder	♂7,	 the	 pituitary	
gland	seemed	normally	developed	at	the	14-somite	stage	(Fig.	S28).	This	might	be	attributed	
to	partial	compensation	by	Pitx2	or	Pitx3	activity,	which	are	active	simultaneously	with	Pitx1	





first	 glance	 to	 be	 at	 the	 same	 level	 in	 Pitx1+/+,	 Pitx1+/-	 and	 Pitx1-/-	 zebrafish	 embryos	




Since	 it	seems	that	the	homozygous	offsprings	 from	♂7	do	not	reach	the	 juvenile	or	adult	
state,	an	assessment	of	the	effects	of	the	mutation	on	pelvic	fin	development	is	not	possible.	
Now	it	remains	to	be	clarified	when	exactly	and	for	what	cause	the	homozygous	carriers	of	
the	 frameshift	 mutation	 die.	 A	 close	 examination	 of	 the	 jawbones	 would	 therefore	 be	
advisable.	 The	 Pitx1-/-	 mouse	 model	 exhibits	 deformations,	 reductions	 or	 loss	 of	 jaw	

















To	write	 this	 thesis,	Microsoft	Word	 for	Mac	2011,	 version	14.7.3	was	used.	 Images	were	
taken	 using	 the	 following	 microscopes	 and	 cameras:	 Fluo	 II	 stereomicroscope	 (Leica)	 in	
combination	 with	 AxioCam	 MRc	 (Zeiss)	 color	 camera	 or	 AxioCam	 ICm	 (Zeiss);	 Axio	








literature	 and	 gene	 research,	 the	 databases	 NCBI	 (National	 Centre	 for	 Biotechnology	






If	 not	 otherwise	 stated,	 chemicals	 and	 reagents	 were	 purchased	 from	 the	 following	
manufacturers:	 Carl-Roth	 (Karlsruhe,	 Germany),	 Sigma-Aldrich	 (St.	 Louis,	 Missouri,	 USA),	
Fluka	 (Buchs,	 Switzerland),	 Merck	 (Darmstadt,	 Germany)	 and	 Roche	 (Basel,	 Switzerland).	
Enzymes	were	obtained	from	NEB	(Ipswich,	Massachusetts,	USA)	or	Thermo	Fisher	Scientific	
(Waltham,	 Massachusetts,	 USA).	 Kits	 manufactured	 by	 QIAGEN	 (Hilden,	 Germany),	 Zymo	
Research	 (Irvine,	 California,	 USA),	 Jena	 Bioscience	 (Jena,	 Germany)	 and	 Sigma-Aldrich	 (St.	


















































































Table	 10.	 Plasmid	 list	 1.	 Summary	 of	 plasmids	 used	 as	 templates	 or	 backbones	 for	 diverse	 cloning	
strategies	in	the	course	of	this	project.	







147	 pSP64T-XB	 SP6	promoter	 Masazumi	Tada	 (Cunliffe	&	Smith,	
1992)	
191	 pCS2_dnRarα2a	 dnRarα2a	gene	sequence	 Victoria	Prince	 (Stafford	et	al.,	
2006)	
259	 p5E_UAS	 10xUAS	sequence	 Carl	Neumann	 TOL2	Kit	(5'entry	
clone)	





300	 pCS_KalTA4-GI	 KalTA4-GI	gene	sequence	 Martin	Distel,	
Reinhard	Köster	
(Distel	et	al.,	2009)	




























368	 pDBM7	 Mouse	HLEA	 Douglas	Menke	 (Menke	et	al.,	2008)	


























































371	 pTol2_HLEA:mClover	 p365,	p368	 Fabian	Merkel	 (Menke	et	al.,	2008;	
Merkel,	2016)	
372	 pTol2_HLEBx2:mClover	 p365,	p369	 Fabian	Merkel	 (Menke	et	al.,	2008;	
Merkel,	2016)	
373	 pTol2_PPE1:mClover	 p365	 Fabian	Merkel	 (Merkel,	2016)	




380	 pSP64T-XB_ERT2-Gal4-VP16	 p147,	p356	 Heidrun	Draut	 (Gerety	et	al.,	2013)	
381	 pTol2_Prrx1a:mClover	 p365	 Heidrun	Draut	 (Hernández-Vega	&	
Minguillón,	2011)	
382	 pTol2_Prrx1b1:mClover	 p365	 Heidrun	Draut	 (Hernández-Vega	&	
Minguillón,	2011)	
383	 pTol2_Pel2.5kb:mClover	 p365,	p384	 Heidrun	Draut	 (Chan	et	al.,	2010)	








































398	 pSP64T-XB_Cyp26a1	 p147,	p376	 Jean	Eberlein,	
Heidrun	Draut	
(Eberlein,	2018b)	
































































































































































































442	 pSP64T-XB_	dnRarα2a-ERT2	 p147,	p356,	p390	 Heidrun	Draut	 (Gerety	et	al.,	2013;	
Stafford	et	al.,	2006)	




















17	 MyoD	 unknown	 XbaI,	T7	 -	
20	 Pax6a	(Pax-a)	 unknown	 SmaI,	T7	 Stefan	Krauss	
21	 Pax2a	(Pax-b)	 pGEM-3Zf+	 BamHI,	T7	 Stefan	Krauss	
22	 Epha4a	(Rtk1)	 unknown	 BamHI,	T7	 Lindsey	Durbin	
25	 Six3	 pBSK	 EcoRI,	T7	 Gerrit	Begemann	
41B	 Rdh10a	 pCMV-SPORT6.1	 SmaI,	T7	 Nicola	Blum	
90	 Cyp26a1	 pBKS	(+)	 SalI,	T7	 Stephen	Wilson	
101	 Fgf8a	 pCRII	 EcoRV,	SP6	 Didier	Stainier	
124	 Shh	 unknown	 HindIII,	T7	 Sudipto	Roy	
128	 Cyp26c1	(Cyp26d1)	 pGEM-T	 BamHI,	T7	 Qingshun	Zhao	
135	 Fgf10a	 unknown	 HindIII,	T7	 Carl	Neumann	
137	 Fgf24	 unknown	 XbaI,	T7	 Carl	Neumann	
163	 Aldh1a2	 pCR4-Topo	 NotI,	T3	 Heiner	Grandel	
167	 Tbx4	 pGEM-T	 SacII,	SP6	 Robert	Ho	
178	 Cyp26b1	 pSPORT1	 BglII,	SP6	 Cecilia	Moens	
392	 Pitx1	 pBS-KS	 BamHI,	T3	 Mike	Breu	
	
Table	 13.	 Plasmid	 list	 4.	 Summary	 of	 plasmids	 used	 as	 template	 for	 mRNA	 synthesis.	 The	 named	







300	 KalTA4-GI	 pCS	 NotI,	SP6	 Martin	Distel,	
Reinhard	Köster	
348	 Tol2	 pCS2	TP	p1208	 NotI,	SP6	 Sebastian	Gerety	
377	 Gal4-VP16	 pSP64T-XB	 BamHI,	SP6	 Masazumi	Tada	
380	 ERT2-Gal4-VP16	 pSP64T-XB	 BamHI,	SP6	 Heidrun	Draut	
388	 dnRarα2a	 pSP64T-XB	 SacI,	SP6	 Marlene	Schmidt	
389	 dnRarα2a-IRES-eGFP	 pSP64T-XB	 XhoI,	SP6	 Marlene	Schmidt	
398	 Cyp26a1	 pSP64T-XB	 XbaI,	SP6	 Heidrun	Draut,	
Jean	Eberlein	
399	 Cyp26a1-eGFP	 pSP64T-XB	 XbaI,	SP6	 Heidrun	Draut,	
Jean	Eberlein	
401	 Cas9	 PT3TS	 XbaI,	T3	 Addgene	#46757	
428	 GAVPO	 pSP64T-XB	 NotI,	SP6	 Heidrun	Draut,	
Lina	Stacker	
431	 KalTA4-ERT2-GI	 pCS2	 NotI,	SP6	 Masazumi	Tada	
441	 ERT2-Gal4-VP16-GI	 pSP64T-XB	 BamHI,	SP6	 Heidrun	Draut	
442	 dnRarα2a-ERT2	 pSP64T-XB	 EcoRI,	SP6	 Heidrun	Draut	





DNA	 oligonucleotides	 were	 purchased	 lyophilized	 and	 salt-free	 from	 eurofins.com	 or	




No.	 Name	 Sequence	 Application	
46	 T7-Primer	 TAATACGACTCACTATAGGG	 Sequencing	
91	 M13fw	 GTAAAACGACGGCCAG	 Sequencing,	
Genotyping	of	Hsp70l:Cyp26a1	









































193	 pTol_Seq1	 CCTCACTTTGAGCTCCTCCACACG	 Sequencing		
194	 pTol_Seq2	 GCTGGGCGCGCTCTTTTATATG	 Sequencing		
195	 pTol_Seq3	 CTCAAGTAAGATTCTAGCCAG	 Sequencing		
196	 pTol_Seq4	 TCGAGCCGGGCCCAAGTG	 Sequencing		
197	 pel2,5kb	Seq1	 CCTTTATTTTCACCTTTTCACCCCTC	 Sequencing	of	Pel2.5kb	
198	 pel2,5kb	Seq2	 GAGCTTCCACGGATTGTTGTGG	 Sequencing	of	Pel2.5kb	
199	 pel2,5kb	Seq3	 GCCGCTAATGCTACCTGTTAGCGG	 Sequencing	of	Pel2.5kb	






































































246	 UAS	Seq1	 CCGAGCGGAGACTCTAGAGG	 Sequencing	




249	 Seq3	dnRAR	 GGGGAAGGTCTCTTGGTGGG	 Sequencing	
























258	 ERT2-Gal4	Seq1	 GCATGAAGTGCAAGAACGTGG	 Sequencing	

































































































































301	 Pitx1	T19	T50	rv	(2)	 GCGAACACAGCGCAAAAGCTGGC	 Genotyping	of	Pitx1	KO	
302	 cyp26a1	Seq2	 CCAGGTTTAACTACATCCCC	 Sequencing	



























































323	 KalTA4	Seq1	 CCAGTCTCTCTAGCCTGCTC	 Sequencing	
324	 Seq2	ß-globin	 CCAAACCGGGCCCCTCTGCT	 Sequencing	
325	 ERT2-Gal4	Seq	5	 CTCGAGCCATCTGCTGGAGACA	 Sequencing	
326	 pTol_Seq5	 CACCGGTTGGCTAGAGCCGGC	 Sequencing	
327	 pEX-A128	Seq1	 GGCTTAACTATGCGGCATCAGAGC	 Sequencing	
328	 lac	primer	 CACTTTATGCTTCCGGCTCGTATG	 Sequencing	
329	 ERT2-Gal4	Seq6	 GTGTCTGTGATCTTGTCCAGG	 Sequencing	













































































































































































































































































Component	(Concentration)	 Repeats	 Temperature	 Time	
32.5	µl	 H2O	 1x	 98	°C	 2	min	
10	µl	 Q5	Buffer	(5x)	 	 98	°C	 10	sec	
2.5	µl	 Primer	forward	(5	µM)	 30-35x	 61-72	°C	 30	sec	
2.5	µl	 Primer	reverse	(5	µM)	 	 72	°C	 20-30	sec/kb	
1	µl	 dNTP	mix	(10	mM)	 1x		 72	°C	 2	min	
1	µl	 Plasmid	DNA	(200-800	ng/µl)	 1x		 8	°C	 ∞	
0.5	µl	 Q5	Polymerase	(2000	U/ml)	 	 	 	







Component	(Concentration)	 Repeats	 Temperature	 Time	
13.25	µl	 H2O	 1x	 98	°C	 2	min	
5	µl	 Q5	Buffer	(5x)	 	 98	°C	 10	sec	
1.5	µl	 Primer	forward	(5	µM)	 30x	 61-72	°C	 30	sec	
1.5	µl	 Primer	reverse	(5	µM)	 	 72	°C	 20-30	sec/kb	
0.5	µl	 dNTP	mix	(10	mM)	 1x		 72	°C	 2	min	
3	µl	 Genomic	DNA	(1:10)	 1x		 8	°C	 ∞	
0.25	µl	 Q5	Polymerase	(2000	U/ml)	 	 	 	
















in	 order	 to	 use	 the	 linearized	 DNA	 as	 a	 template	 for	 in	 vitro	 transcription.	 Restriction	
enzymes	from	NEB	or	Thermo	Fisher	Scientific	were	used	in	combination	with	the	respective	




















was	 checked	 by	 agarose	 gel	 electrophoresis	 and	 for	 further	 usage,	 the	 DNA	was	 purified	






























dephosphorylated	 vector	 DNA	 was	 combined	 with	 insert	 DNA	 (from	 PCR	 or	 restriction	
digest)	 in	a	molar	ratio	of	2:1	to	5:1,	depending	on	the	size	of	the	insert.	The	reaction	was	
catalysed	by	T4	DNA	 ligase	 (Thermo	Fisher	Scientific)	and	took	place	at	 room	temperature	
for	 1	h.	 Importantly,	 for	 blunt	 end	 joining,	 the	 amount	 of	 ligase	 was	 increased	 and	









































NEBuilder	 HiFi	 DNA	 Assembly	 Master	 Mix	 and	 took	 place	 at	 50	°C	 for	 30	-	60	 min.	





















the	reaction,	200	ng	vector	DNA	were	mixed	with	 insert	DNA	 in	a	molar	 ratio	of	5:1	 (over	













heated	 in	 the	 microwave	 until	 the	 agarose	 was	 completely	 dissolved.	 Subsequently,	
Ethidium	bromide	was	added	to	a	final	concentration	of	0.5	µg/ml	and	the	solution	was	put	








electrophoresis.	 After	 PCR,	 the	 unpurified	 PCR	 samples	 were	 given	 to	 the	 laboratory	 of	
Alfons	 Weig	 (University	 of	 Bayreuth),	 where	 the	 electrophoresis	 was	 performed	 using	 a	













DNA	 and	 RNA	 concentration	 as	 well	 as	 the	 purity	 of	 the	 nucleic	 acid	 solutions	 were	







Preparation	 of	 genomic	 DNA	 from	 fin	 tissue,	 zebrafish	 larvae	 or	 embryos	 was	 performed	
with	a	modified	Extract-N-Amp	extraction	protocol	(Sigma-Aldrich)	(Varshney	et	al.,	2016).	In	
case	 a	 pool	 of	 embryos	 was	 used,	 the	 sample	 was	 first	 frozen	 and	 thawed	 to	 crack	 the	
chorions	 and	 enable	 the	 extraction	 solutions	 to	 reach	 the	 tissue.	 To	 extract	 DNA	 from	
zebrafish	 embryos	 or	 larvae,	 a	 mixture	 of	 25	 µl	 Extraction	 Solution	 and	 7	 µl	 Tissue	
Preparation	 Solution	 was	 prepared	 for	 each	 sample.	 These	 32	 µl	 of	 Extraction/Tissue	
Preparation	 Solution	were	added	 to	 the	 sample	either	 in	 a	200	µl	 reaction	 tube	or	 in	one	
well	of	a	96-well	PCR	plate.	After	assuring	that	the	embryo(s)/larva	is	completely	submerged	












































Afterwards,	 1	µl	 T7	 Endonuclease	 1	 (10.000	U/ml)	 was	 added	 to	 each	 sample	 to	 reach	 a	













Varshney	 et	 al.,	 2016.	 First,	 top	 strand	 DNA	 oligos,	 which	 contain	 the	 sequence	 of	 the	
desired	target	site,	were	designed.	For	detailed	target	gene	and	sequence	information,	the	
Ensembl	database	was	utilized.	Then,	target	regions	were	chosen	with	the	help	of	two	online	
















Component	(Concentration)	 Repeats	 Temperature	 Time	
36.5	µl	 DEPC-H2O	 1x	 98	°C	 2	min	
10	µl	 Q5	Buffer	(5x)	 1x	 50	°C	 10	min	
1	µl	 dNTP	mix	(10	mM)	 1x	 72	°C	 10	min	
1	µl	 Top-strand	oligo	(10	µM)	 1x	 4	°C	 ∞	
1	µl	 Bottom-strand	oligo	(10	µM)	 	 	 	
0.5	µl	 Q5	Polymerase	(NEB,	2.000	U/ml)	 	 	 	




The	 synthesis	 of	 sgRNA	 was	 then	 conducted	 with	 MAXIScript	 T7	 Kit	 from	 Thermo	 Fisher	

























To	 generate	 the	 template	 DNA	 needed	 for	 in	 vitro	 transcription,	 approximately	 1.5	µg	
plasmid	DNA	was	 linearized	 in	a	 total	 volume	of	60	µl	 for	 about	2	h	as	described	 in	4.2.3.	
Importantly,	DEPC-H2O	was	used	for	the	reaction	mixture.	After	this	time,	4.8	µl	Proteinase	K	
(Thermo	 Fisher	 Scientific,	 >600	 U/ml)	 were	 added	 directly	 to	 the	 reaction	 mixture	 and	
incubated	 for	20	min	at	56	°C.	Afterwards,	 successful	 linearization	was	 verified	by	agarose	
gel	 electrophoresis	 and	 the	 linear	 template	 DNA	 was	 purified	 with	 Oligo	 Clean	 &	
Concentrator	Kit	(Zymo	Research).	
For	the	in	vitro	transcription	itself,	mMessage	mMachine	SP6	and	T3	Kits,	manufactured	by	












Then	1	µl	 TURBO	DNase	was	 added	 to	 remove	 the	 template	DNA	 (Incubation	 at	 37	°C	 for	









To	 synthesize	 cDNA,	 total	RNA	was	extracted	 from	dechorionated,	24	hpf	 zebrafish	 larvae	
using	 Quick-RNA	 Mini-Prep	 Kit	 (Zymo	 Research)	 according	 to	 the	 manufacturer's	











The	 reaction	was	 stopped	 by	 addition	 of	 1	µl	 50	mM	EDTA	 (Thermo	 Fisher	 Scientific)	 and	
subsequent	incubation	at	65	°C	for	10	min.			
Afterwards,	 purification	 of	 DNase	 treated	 RNA	 was	 performed	 with	 Oligo	 Clean	 &	
Concentrator	Kit	(Zymo	Research)	using	an	elution	volume	of	11.5	µl.	The	purified	RNA	was	
then	directly	used	for	reverse	transcription.	For	this,	1	µl	Oligo	dT	Primer	(0.5	µg)	was	added	
to	 the	11.5	µl	 total	RNA	and	 incubated	 for	5	min	at	65	°C	 to	destroy	secondary	structures.	
After	cooling	down	the	mixture	on	ice	for	5	min,	the	following	components	(Thermo	Fisher	



















generated	 by	 plasmid	 linearization	 (4.2.3)	 or	 PCR	 (4.2.1)	 and	 purified	 by	 ethanol	
precipitation.	For	that,	 to	30	µl	DNA	solution,	3	µl	sodium	acetate	 (3	M)	and	60	µl	ethanol	
absolute	 were	 added,	 well	 mixed	 by	 vortexing	 and	 kept	 over	 night	 at	 -20	°C.	 Then,	 the	
precipitated	DNA	solution	was	pelleted	(14.000	rpm,	10	min,	eppendorf	Centrifuge	5430R),	
washed	once	with	ice-cold	70	%	ethanol	(in	DEPC-H2O)	and	air-dried	for	5	min.		
The	 precipitated	 DNA	 was	 re-solved	 in	 6	µl	 DEPC-H2O.	 Importantly,	 0.5	µl	 of	 the	 DNA	
solution	 was	 used	 for	 gel	 analysis,	 the	 remaining	 5.5	 µl	 for	 assembling	 the	 following	












Afterwards,	 1	µl	 DNase	 I	 (1	U/µl,	 Thermo	 Fisher	 Scientific)	 was	 added	 and	 incubated	 for	
15	min	at	37	°C	to	remove	the	template	DNA.	Then,	0.5	µl	were	taken	for	gel	analysis,	before	
adding	0.5	volumes	(5.2	µl)	of	7.5	M	ammonium	acetate	and	3	volumes	(31.5	µl)	of	ethanol	













First,	 chemically	 fixed	 zebrafish	 embryos	 and	 larvae	 (see	 4.4.5)	 were	 transferred	 to	
methanol.	For	this,	PBTw	was	removed	and	zebrafish	were	washed	twice	in	100	%	methanol,	





20	min	with	 shaking.	 Afterwards,	 zebrafish	were	 rinsed	 and	washed	 three	 times	 in	 DEPC-
PBTw,	twice	for	5	min	and	once	for	10	min	with	shaking.	
For	pre-hybridization,	zebrafish	were	washed	twice	 in	formamide	solutions,	 for	5	min	each	
with	 shaking.	 The	 first	 step	 was	 performed	 with	 diluted	 formamide	 solution	 (250	µl	




diluted	 by	 adding	 3	µl	 probe	 to	 30	µl	 hybridisation	 solution.	 Just	 as	 much	 solution	 was	









This	 solution	 was	 replaced	 with	 0.5	ml	 of	 antibody	 solution:	 Anti-Digoxigenin-AP	 Fab	
fragments	 from	 sheep	 (Roche),	 1:2000	 in	 0.5	%	 Blocking	 reagent	 in	 PBTw.	 Antibody	







is	 important	 to	 change	 the	 solution	 as	 often	 as	 possible.	 The	washes	were	 performed	 at	
room	temperature	with	shaking.	
To	 prepare	 digoxigenin	 detection,	 the	 samples	were	 first	 equilibrated	 in	 freshly	 prepared	
BCL	 buffer	 by	washing	 3x	 5	min	 at	 room	 temperature	with	 shaking.	 Then	 BCL	 buffer	was	
removed	and	0.5	ml	(for	embryos)	or	1	ml	(for	larvae	of	ca.	3	-	4	wpf)	of	staining	solution	was	
added,	 containing	 2.25	µl	 4-Nitro	 blue	 tetrazolium	 chloride	 (NBT)	 and	 1.75	µl	 BCIP	 4-
toluidine	 salt	 per	 1	ml	 BCL	 buffer	 (both	 reagents	 by	 Roche).	 The	 colour	 reaction	 was	
performed	 in	12-well	plates	and	protected	 from	 light.	 The	duration	varied	 from	20	min	 to	
24	h	depending	on	the	probe	to	be	detected.		
Subsequently,	 the	 colour	 reaction	 was	 stopped	 by	 washing	 2x	 2	min	 with	 PBTw.	 Then,	 a	
post-fixation	was	performed	 in	4	%	PFA	for	1	h	at	room	temperature	or	over	night	at	4	°C.	






To	 detect	 Gal4	 protein	 in	 zebrafish	 larvae,	 a	 fluorescent	 immunostaining	 was	 performed	
using	a	modified	protocol	by	Inoue	&	Wittbrodt,	2011.	For	that,	 larvae	at	an	age	of	48	hpf	
were	 decorionated,	 chemically	 fixed	 (see	 4.4.5)	 and	 then	 transferred	 in	 PBTx.	 PBTx	 was	





Subsequently,	 the	 blocking	 step	was	 performed	 by	 incubation	 of	 the	 larvae	 in	 150	 µl	 5	%	
goat	serum	in	1	%	PBTx	(in	the	following	referred	as	blocking	solution)	for	at	least	30	min	at	
room	temperature.	The	blocking	solution	was	replaced	by	150	µl	of	a	1:500	dilution	of	Gal4	
DBD	 antibody	 (Gal4	 DBD,	 sc-577,	 Lot#/1914,	 rabbit	 polyclonal	 IgG,	 200	µg/µl,	 Santa	 Cruz	
Biotechnology)	 in	 blocking	 solution.	 Antibody	 incubation	was	 performed	 for	 48	h	 at	 room	







of	 a	 1:500	 dilution	 of	 the	 secondary	 antibody	 (Anti-rabbit	 IgG	 Fab2,	 Alexa	 Fluor	 (R)	 555,	
Molecular	Probes,	2	mg/ml,	Cell	signalling	technologies)	 in	blocking	solution.	This	step	was	
performed	for	three	days	at	4	°C.	





















To	 get	 single	 colonies,	 bacteria	 were	 spread	 on	 selective	 LB	 plates	 containing	 Ampicillin	
(100	µg/ml),	 Kanamycin	 (50	µg/ml)	 or	 Chloramphenicol	 (5	µg/ml)	 and	 incubated	 at	 37	°C.	
Chloramphenicol	was	used	in	a	concentration	five	times	lower	than	recommended	as	it	was	
used	in	combination	with	Ampicillin.		











was	 incubated	 on	 ice	 for	 30	min.	 The	 subsequent	 heat-shock	was	 performed	 for	 1	min	 at	
37	°C	on	a	block	heater.	The	cells	were	then	immediately	put	on	ice	again	for	another	two	
minutes,	before	950	µl	pure	LB	medium	were	added.	After	 incubation	for	1	h	at	37	°C	with	
gently	 shaking,	 cells	were	pelleted	and	900	µl	 of	 the	 LB	medium	was	 removed.	 The	pellet	
was	 re-suspended	 in	 the	 remaining	 100	µl	 LB	 medium	 and	 spread	 on	 selective	 LB	 plates	
containing	the	respective	antibiotic.	
For	DB3.1	 cells,	 the	 same	protocol	was	 used,	 except	 for	 the	 changes:	 the	 heat-shock	was	
shortened	to	30	sec,	the	second	incubation	on	ice	was	performed	for	5	min	instead	of	2	min	
and	 before	 the	 1	h-shaking	 period,	 the	 cell	 suspension	 was	 incubated	 for	 5	min	 at	 37	°C	
without	shaking.	





Chemically	 competent	 cells	 were	 basically	 prepared	 according	 to	 the	 protocol	 by	















The	 zebrafish	 were	 kept	 under	 standard	 conditions	 (Westerfield,	 2000)	 at	 a	 temperature	
ranging	 from	 27	-	28	°C	 under	 a	 day/night	 cycle	 of	 14	h	 light	 and	 10	h	 darkness.	 For	 fish	
maintenance	 an	 aquatic	 research	 system	 installed	 by	 Aqua	 Schwarz	 was	 used.	 Adult	
zebrafish	were	kept	in	10	litre-glass	tanks	or	3	litre-boxes	(AquaBoxes	3),	depending	on	the	
size	 of	 the	 group.	 Embryos	 and	 larvae	 were	 raised	 in	 30	 ml-Petri	 dishes	 containing	 E3	
medium	 in	 an	 incubator	 (Liebherr)	 at	 28	°C	 until	 an	 age	 of	 5	-	7	 days.	 Then,	 they	 were	
transferred	in	3	litre-boxes	and	raised	in	the	system	to	adulthood.	Zebrafish	were	fed	two	to	
three	times	a	day	with	paramecia	(for	larvae),	NovoTom	Artemia	Powder	(JBL,	for	larvae	and	







fish	 lack	 iridophores	 and	 melanocytes,	 which	 make	 them	 appear	 completely	 transparent	
even	in	the	adult	state.	Most	used	transgenic	lines	were	also	in	Casper	background.	For	the	
Heat-shock	 treatments,	 double	 transgenic	 Tg(fli:EGFP)y1;	 Tg(col2a1BAC:mCherry)hu5900	 fish	
(Hammond	 &	 Moro,	 2012;	 Lawson	 &	 Weinstein,	 2002)	 were	 crossed	 to	
















was	 done	 in	 the	 afternoon	 after	 4	pm.	 Mating	 is	 triggered	 the	 next	 morning	 upon	 light	
exposure.	The	sieve	prevents	the	parents	from	eating	the	spawn,	so	that	the	eggs	could	be	
harvested	with	 the	help	of	a	 sieve.	The	parents	were	put	back	 in	 the	aquatic	 system.	The	
eggs	were	transferred	into	Petri	dishes	containing	30	ml	E3	medium	and	kept	in	an	incubator	
(Liebherr)	at	28	°C.	






Microinjections	were	 performed	with	 zebrafish	 eggs	 in	 one-cell	 stage.	 The	 eggs	were	 laid	
and	harvested	just	before	the	injection	(see	4.4.3)	and	then	lined	up	along	a	glass	coverslip.	
For	 precise	 injection,	 glass	 needles	 were	 prepared	 from	 thin	 capillaries	 (1	mm	 diameter,	
GB100TF-8P,	Science	products)	using	a	vertical	micropipette	puller	(David	Kopf	Instruments,	
Model	 700C).	 The	 injections	 were	 performed	 with	 the	 Pneumatic	 PicoPump	 PV820	 from	
WPI.	Nucleic	 acid	 solutions	were	 injected	preferably	 directly	 in	 the	 cell	 or	 in	 the	 yolk	 just	
below	the	cell.	They	were	prepared	in	DEPC-H2O	containing	DNA,	RNA	or	a	mixture	of	both	
with	concentrations	ranging	between	12.5	-	40	ng/µl	for	DNA	and	20	-	600	ng/µl	for	RNA.	For	













Before	 fixation,	 zebrafish	embryos,	 larvae	and	 juveniles	were	anesthetized	 (see	4.4.9)	 and	
put	on	ice	for	about	10	min.	Then,	the	water	was	removed	and	zebrafish	were	fixed	in	4	%	







To	manipulate	 retinoic	 acid	 signalling	 during	 early	 pelvic	 fin	 development,	 a	 reproducible	
experimental	setup	is	needed.	For	this,	a	staging	system	designed	2015	by	Lisa	Marzi	as	part	
of	 her	 master	 thesis	 was	 used	 (Marzi,	 2015).	 This	 staging	 system	 is	 based	 on	 the	
fluorescence	marker	 fli:eGFP,	 which	 labels,	 among	 others,	 chondrocytes	 and	 chondrocyte	
precursor	 cells	 and	 allows	 the	 determination	 of	 reproducible	 starting	 points	 for	 the	
pharmacological	 and	 heat-shock	 treatments.	 It	was	mainly	 focused	 on	 the	 Stages	 1	-	6,	 of	
which	 the	definition	 is	 shown	 in	Fig.	10.	For	 the	whole	classification	see	Fig.	S1.	Those	 fish	
that,	 at	 the	 time	 of	 staging,	 had	 no	 ventral	 eGFP	 fluorescence	 in	 the	 prospective	 area	 of	





The	 transgenic	 fli:eGFP+/-;col2a1:mCherry+/-;Hsp70l:Cyp26a1+/-	 and	 fli:eGFP+/-;	
col2a1:mCherry+/-;Hsp70l:Cyp26a1-/-	were	 first	 sorted	at	an	age	of	3	-	4	wpf	based	on	 their	
pelvic	 fin	developmental	stage	(see	4.4.6).	To	activate	gene	expression	controlled	by	Heat-
shock	promoters	(Hsp70l),	transgenic	zebrafish	were	transferred	in	their	staging	groups	into	






weeks.	 The	 phenotypes	 of	 the	 pelvic	 fins	 and	 of	 the	 pelvic	 girdle	 skeleton	 were	 then	
documented	by	fluorescence	microscopy	(4.4.12).	
During	the	microscopy	process,	the	tips	of	the	caudal	fins	were	removed	with	a	scalpel	for	a	



























For	 anesthetizing	 zebrafish,	 a	 0,4	%	 (w/v)	 solution	 of	 Ethyl	 3-aminobenzoate	
methanesulfonate	 (MS-222,	 Tricaine)	 in	 H2O	 was	 used.	 Zebrafish	 embryos,	 larvae	 or	
juveniles	were	transferred	to	Petri	dishes	and	Tricaine	solution	was	added	dropwise	using	a	








Petri	 dish	 filled	 with	 Tricaine	 solution	 (0,02	%	 in	 fish	 water).	 The	 fish	 were	 gently	 fixed	
between	the	fingers	and	the	tip	of	the	caudal	fin	was	clipped	with	a	scalpel.	The	treated	fish	
was	then	immediately	transferred	back	into	a	3	litre-box	filled	with	fresh	fish	water.	The	fin	








ethanol	 for	10	min	with	 shaking.	Afterwards,	double	 skeletal	 staining	 solution	was	applied	
and	 incubated	over	night	at	 room	 temperature	with	 shaking.	 The	double	 staining	 solution	
was	prepared	from	Alcian	Blue	and	Alizarin	Red	S	stock	solution,	as	listed	in	4.1.3.	The	next	



















To	 prepare	 chemically	 fixed	 zebrafish	 for	 microscopy,	 they	 were	 gradually	 transferred	 in	
70	%	 glycerol	 (in	 1x	PBS).	 Living	 juvenile	 zebrafish	 were	 anesthetized	 and	 put	 in	 1.5	%	




glass	 slide	 (25	x	75	mm).	 The	 zebrafish	 sample	was	 put	 in	 the	middle	 and	 covered	with	 a	
rectangular	 cover	 glass.	Microscopy	 and	 imaging	was	 performed	with	 an	 Axio	 Imager.M2	
(Zeiss)	 in	 combination	 with	 with	 an	 HXP	 120	 C	 fluorescence	 lamp	 (Leica)	 and	 the	 color	
cameras	AxioCam	MRc	and	MRm	(Zeiss).	
For	 observation	 and	 imaging	 of	 zebrafish	 with	 a	 lower	 magnification,	 a	 Fluo	 II	
stereomicroscope	 (Leica)	 in	combination	with	an	HXP	120	C	 fluorescence	 lamp	 (Leica)	and	












































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































anal	 and	 dorsal	 radials	 that	 formed	 at	 the	 same	 time	 were	 counted	 in	 relation	 to	 this.	 A,B:	 Lateral	
representation	 of	 the	 pelvic	 fins.	 C:	 Ventral	 representation	 of	 the	 pelvic	 fin	 region.	 Increasing	
fluorescence	 strength	 ventrally:	 (+),	 +,	 ++,	 +++.	 Arrows:	 ventral	 fin	 bud	 /	 ventral	 fin.	 Red	 arrows:	 first	
pelvic	 ray.	 Arrowheads:	 larval	 fin	 edge	 decline.	 Red	 arrowhead:	 posterior	 notch	 of	 the	 dorsal	 fin.	
Asterisks:	dorsal	/	anal	fin	separated	by	the	fin	edge.	Continuous	increase	in	standard	length	(SL).	Lateral	




Stage	 8:	 pelvic	 fin	 bud	occupying	2/3	of	 the	minor	 lobe.	Stage	 9:	 distal	 border	of	 the	minor	 lobe	 and	
pelvic	 fin	at	the	same	level.	Stage	10:	minor	 lobe	occupying	3/4	of	the	pelvic	fin.	Stage	11:	minor	 lobe	
occupying	2/3	of	the	pelvic	fin.	Stage	12:	minor	lobe	occupying	1/2	of	the	pelvic	fin.	Stage	13:	minor	lobe	






















Abbildung 8 Definition der Stadien der Bauchflossenentwicklung. 
Zur Einteilung der Entwicklungsstadien wurde die Größe der auswachsenden Bauchflosse ins Verhältnis zum 
Rückgang der distalen Grenze d s „minor lobe“ gesetzt. In Relation dazu wurden die sich bildenden analen und 
dorsalen Radiale und Strahlen gezählt (Tab. 3).  
A, B: Laterale Darstellung der Bauchflossenentwicklung. C: Ventrale Darstellung der Bauchflossenregion. 
Zunehmende Fluoreszenzstärke ventral: (+), +, ++, +++. Pfeile: Bauchflossenknospe/ Bauchflosse; roter Pfeil: 
erste Bauchflossenstrahlen; Pfeilspitzen: larvaler Flossensaumrückgang; rote Pfeilspitze: posteriore Einkerbung 
der Dorsalflosse; Sterne: vom Flossensaum separierte Dorsal-/Analflosse. Kontinuierliche Zunahme der SL. 
Kranial links. Laterale und ventrale Aufnahmen. Maßstabsbalken: 500 µm. 14 Stadien. 
Stadium 1: keine Bauchflo senknospe. Stadium 2: laterale Bauchflossenknospe. Stad um 3: 1/8 des „minor lobe“ 
einnehmende Bauchflossenknospe. Stadium 4: 1/6 des „minor lobe“ einnehmende Bauchflossenknospe. 
Stadium 5: 1/4 des „minor lobe“ einnehmende Bauchflossenknospe. Stadium 6: 1/3 des „minor lobe“ 
einnehmende Bauchflossenknospe. Stadium 7: 1/2 des „minor lobe“ einnehmende Bauchflosse. Stadium 8: 2/3 
des „minor lobe“ einnehmende Bauchflosse. Stadium 9: Distale Grenze des „minor lobe“ und Bauchflosse auf 
gleicher Höhe. Stadium 10: 3/4 der Bauchflosse einnehmender „minor lobe“. Stadium 11: 2/3 der Bauchflosse 
einnehmender „minor lobe“. Stadium 12: 1/2 der Bauchflosse einnehmender „minor lobe“. Stadium 13: 1/4 der 
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Average quality >= 10: 61, 20: 93, 30: 1091




C A A G T C T T
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950
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980
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performed.	 Intense	 purple	 WISH	 staining	 was	 found	 in	 several	 surface	 exposed	 body	 parts	 of	








juveniles.	 All	 shown	 individuals	 were	 treated	 for	 approximately	 4	weeks	 beginning	 from	 pelvic	 fin	
developmental	 Stage	 <1	 A:	 In	 mild	 phenotypes,	 the	 lens	 was	 small,	 but	 still	 visible	 (arrow).	 B,C:	
Intermediate	 phenotypes	 were	 characterized	 by	 the	 absence	 of	 the	 eye	 lenses	 (arrows).	D:	 The	 most	



















Fig.	S6	 Expression	 of	 Pitx1	 in	 dependency	 of	 reduced	 RA	 signalling.	 Hsp70l:Cyp26a1-/-;fli:eGFP+/-
;col2a1:mCherry+/-	 and	 Hsp70l:Cyp26a1+/-;fli:eGFP+/-;col2a1:mCherry+/-	 larvae	 were	 sorted	 according	 to	
their	pelvic	fin	developmental	stage	at	an	age	of	3	-	4	wpf	(Stages	4,	5	and	6	were	pooled).	Afterwards,	a	
single	 heat-shock	 at	 38.5	°C	 for	 1.5	h	 was	 performed.	 24	h	 after	 the	 heat-shock,	 larvae	 were	 fixed	 in	
4	%	PFA	 and	 Pitx1	 transcripts	 were	 detected	 by	 means	 of	 whole-mount	 in	 situ	 hybridisation	 (WISH).	
According	to	their	intensity	of	WISH	staining	in	pelvic	fin	buds,	the	larvae	were	sorted	in	three	categories:	
strong	 expression,	weak	 and	 none.	 Exemplary	 pictures	 for	 each	 category	 and	 developmental	 stage	 are	
presented.	The	pelvic	fin	region	of	the	larvae	is	shown	from	ventral	view;	anterior	 is	to	the	left;	stained	













































Fig.	S7	 Expression	 of	 Tbx4	 in	 dependency	 of	 reduced	 RA	 signalling.	 Hsp70l:Cyp26a1-/-;fli:eGFP+/-
;col2a1:mCherry+/-	 and	 Hsp70l:Cyp26a1+/-;fli:eGFP+/-;col2a1:mCherry+/-	 larvae	 were	 sorted	 according	 to	
their	pelvic	fin	developmental	stage	at	an	age	of	3	-	4	wpf	(Stages	4,	5	and	6	were	pooled).	Afterwards,	a	
single	 heat-shock	 at	 38.5	°C	 for	 1.5	h	 was	 performed.	 24	h	 after	 the	 heat-shock,	 larvae	 were	 fixed	 in	
4	%	PFA	 and	 Tbx4	 transcripts	 were	 detected	 by	 means	 of	 whole-mount	 in	 situ	 hybridisation	 (WISH).	
According	to	their	intensity	of	WISH	staining	in	pelvic	fin	buds,	the	larvae	were	sorted	in	three	categories:	
strong	 expression,	weak	 and	 none.	 Exemplary	 pictures	 for	 each	 category	 and	 developmental	 stage	 are	
presented.	The	pelvic	fin	region	of	the	larvae	is	shown	from	ventral	view;	anterior	 is	to	the	left;	stained	
pelvic	 fin	 buds	 are	 marked	 with	 arrowheads.	 Scale	 bar:	 500	µm.	 The	 graphical	 representation	 shows	
distribution	of	the	different	staining	categories	on	the	developmental	stages	and	genotypes.	Larvae	in	the	




































Fig.	S8	 Expression	 of	 Fgf10a	 in	 dependency	 of	 reduced	 RA	 signalling.	 Hsp70l:Cyp26a1-/-;fli:eGFP+/-
;col2a1:mCherry+/-	 and	 Hsp70l:Cyp26a1+/-;fli:eGFP+/-;col2a1:mCherry+/-	 larvae	 were	 sorted	 according	 to	
their	pelvic	fin	developmental	stage	at	an	age	of	3	-	4	wpf	(Stages	4,	5	and	6	were	pooled).	Afterwards,	a	
single	 heat-shock	 at	 38.5	°C	 for	 1.5	h	 was	 performed.	 24	h	 after	 the	 heat-shock,	 larvae	 were	 fixed	 in	
4	%	PFA	 and	 Fgf10a	 transcripts	 were	 detected	 by	means	 of	 whole-mount	 in	 situ	 hybridisation	 (WISH).	
According	to	their	intensity	of	WISH	staining	in	pelvic	fin	buds,	the	larvae	were	sorted	in	three	categories:	
strong	 expression,	weak	 and	 none.	 Exemplary	 pictures	 for	 each	 category	 and	 developmental	 stage	 are	
presented.	The	pelvic	fin	region	of	the	larvae	is	shown	from	ventral	view;	anterior	 is	to	the	left;	stained	
















































Fig.	S9	 Expression	 of	 Fgf8a	 in	 dependency	 of	 reduced	 RA	 signalling.	 Hsp70l:Cyp26a1-/-;fli:eGFP+/-
;col2a1:mCherry+/-	 and	 Hsp70l:Cyp26a1+/-;fli:eGFP+/-;col2a1:mCherry+/-	 larvae	 were	 sorted	 according	 to	
their	pelvic	fin	developmental	stage	at	an	age	of	3	-	4	wpf	(Stages	4,	5	and	6	were	pooled).	Afterwards,	a	
single	 heat-shock	 at	 38.5	°C	 for	 1.5	h	 was	 performed.	 24	h	 after	 the	 heat-shock,	 larvae	 were	 fixed	 in	
4	%	PFA	 and	 Fgf8a	 transcripts	 were	 detected	 by	 means	 of	 whole-mount	 in	 situ	 hybridisation	 (WISH).	
According	to	their	intensity	of	WISH	staining	in	pelvic	fin	buds,	the	larvae	were	sorted	in	three	categories:	
strong	 expression,	weak	 and	 none.	 Exemplary	 pictures	 for	 each	 category	 and	 developmental	 stage	 are	
presented.	The	pelvic	fin	region	of	the	larvae	is	shown	from	ventral	view;	anterior	 is	to	the	left;	stained	
















































Fig.	S10	 Expression	 of	 Aldh1a2	 in	 dependency	 of	 reduced	 RA	 signalling.	 Hsp70l:Cyp26a1-/-;fli:eGFP+/-
;col2a1:mCherry+/-	 and	 Hsp70l:Cyp26a1+/-;fli:eGFP+/-;col2a1:mCherry+/-	 larvae	 were	 sorted	 according	 to	
their	pelvic	fin	developmental	stage	at	an	age	of	3	-	4	wpf	(Stages	4,	5	and	6	were	pooled).	Afterwards,	a	
single	 heat-shock	 at	 38.5	°C	 for	 1.5	h	 was	 performed.	 24	h	 after	 the	 heat-shock,	 larvae	 were	 fixed	 in	
4	%	PFA	and	Aldh1a2	 transcripts	were	detected	by	means	of	whole-mount	 in	 situ	 hybridisation	 (WISH).	
According	to	their	intensity	of	WISH	staining	in	pelvic	fin	buds,	the	larvae	were	sorted	in	three	categories:	
strong	 expression,	weak	 and	 none.	 Exemplary	 pictures	 for	 each	 category	 and	 developmental	 stage	 are	
presented.	The	pelvic	fin	region	of	the	larvae	is	shown	from	ventral	view;	anterior	 is	to	the	left;	stained	


















































;fli:eGFP+/-;col2a1:mCherry+/-	 larvae	 following	 heat-shock	 treatment.	 Larvae	 were	 sorted	 according	 to	
their	pelvic	fin	developmental	stage	at	an	age	of	3	-	4	wpf	(Stages	4,	5	and	6	were	pooled).	Afterwards,	a	
single	 heat-shock	 at	 38.5	°C	 for	 1.5	h	 was	 performed.	 24	h	 after	 the	 heat-shock,	 larvae	 were	 fixed	 in	
4	%	PFA	and	Cyp26a1	 transcripts	were	detected	by	means	of	whole-mount	 in	 situ	hybridisation	 (WISH).	
According	to	their	intensity	of	WISH	staining	in	pelvic	fin	buds,	the	larvae	were	sorted	in	three	categories:	
strong	 expression,	weak	 and	 none.	 Exemplary	 pictures	 for	 each	 category	 and	 developmental	 stage	 are	
presented.	The	pelvic	fin	region	of	the	larvae	is	shown	from	ventral	view;	anterior	 is	to	the	left;	stained	


















































Fig.	S12	 Gal4	 activates	 transgene	 expression	 upon	 co-injection	 of	 Gal4	 mRNA	 with	 5xUAS	 effector	
plasmids.	 The	 plasmids	 pTol2_5xUAS:Cyp26a1-eGFP	 or	 pTol2_5xUAS:dnRarα2a-IRES-eGFP	 were	 co-
injected	with	Gal4-VP16	mRNA	in	the	one-cell	stage	of	zebrafish	embryos	of	 the	Casper	 strain.	Control	
embryos	were	injected	only	with	Gal4-VP16	mRNA.	A-G:	A	concentration	of	40	ng/μl	was	used	for	both,	
plasmid	 and	mRNA.	At	 24	 hpf	 co-injected	 embryos	 showed	mosaic-like	 eGFP	 fluorescence	 throughout	
the	 entire	 body	 (D,G).	Whole-mount	 in	 situ	 hybridisation	 against	Epha4a	 and	MyoD	mRNA	 revealed	 a	
truncation	 of	 the	 anteroposterior	 axis	 anterior	 to	 the	 somites	 (E),	 also	 in	 control	 embryos	 (B).	 The	
distance	between	rhombomere	5	and	somite	1	is	indicated	with	brackets	(E,B).	Missing	or	reduced	eyes	
(arrows)	 together	 with	 other	 malformation	 like	 truncated	 tails	 or	 misshaped	 heads	 were	 observed	
frequently	 (C,F),	 also	 in	 control	 embryos	 (A).	H-O:	 Concentrations	 of	 40	ng/μl	 (plasmid)	 and	 20	ng/µl	
(mRNA)	were	used.	At	24	hpf	co-injected	embryos	showed	mosaic-like	eGFP	fluorescence	throughout	the	
entire	 body	 (K,N).	 Whole-mount	 in	 situ	 hybridisation	 against	 Epha4a	 and	 MyoD	 mRNA	 revealed	 a	
truncation	of	the	anteroposterior	axis	anterior	to	the	somites	(L,O),	that	was	not	seen	in	control	embryos	
(I).	Missing	or	reduced	eyes	(arrows)	together	with	other	malformation	like	truncated	tails	or	misshaped	
heads	were	observed	 frequently	 in	 co-injected	embryos	 (J),	 but	 not	 in	 control	 embryos	 (H).	P-Q:	 As	 a	
positive	control	for	the	RA-deficiency	phenotype,	embryos	of	the	Casper	strain	were	treated	with	10	µM	
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Fig.	S13	 ERT2-Gal4-VP16	 activates	 transgene	 expression	 in	 UAS:GFP	 zebrafish	 line.	 ERT2-Gal4-VP16	
mRNA	(50	ng/µl)	was	injected	in	eggs	of	the	UAS:GFP	zebrafish	line	at	the	one-cell	stage	and	subsequently	
induced	 with	 the	 indicated	 concentrations	 of	 4-hydroxy-tamoxifen	 (4-OHT).	 The	 control	 group	 was	


















EtOH	 1 µM 4-OHT	






ERT2-Gal4-VP16	 mRNA	 (40	ng/μl)	 was	 injected	 in	 zebrafish	 eggs	 of	 the	 5xUAS:dnRarα2a-IRES-eGFP	
effector	line	(F2	generation)	at	the	one-cell	stage	and	the	embryos	were	subsequently	treated	with	2	μM	
4-OHT	or	EtOH	(control)	at	50	%	epiboly.	The	results	of	the	lines	founded	by	♂4,	♂5	and	♂11	are	shown.	
At	 24	hpf	 only	 induced	 embryos	 show	 the	 characteristic	 bulge	 in	 the	 'neck'	 of	 the	 RA-deficiency-
phenotype	 	 (arrows,	A-D).	 Intense	eGFP	 fluorescence	 is	 visible	 in	 these	embryos	 throughout	 the	whole	
body	(E-H).	Whole-mount	in	situ	hybridisation	against	Epha4a	and	MyoD	mRNA	shows	a	truncation	of	the	
anteroposterior	 axis	 anterior	 to	 the	 somites.	 The	 distance	 between	 rhombomere	 5	 and	 somite	 1	 is	
indicated	with	brackets	(I-L).	At	72	hpf	eGFP	fluorescence	is	visible	only	in	induced	larvae	throughout	the	
whole	 body	 (Q-T).	U-X:	magnifications	 of	 the	 anterior	 body	 half	 of	 larvae	 shown	 in	M-P.	 Reduction	 of	
pectoral	fin	size	indicates	the	RA	deficiency	phenotype	(asterisks).	Black	lines	in	U-X	highlight	outlines	of	
pectoral	fins.	Other	severe	side	effects	are	frequently	observed,	like	pericardial	edema	(V,W).	All	embryos	























































Tol2	 transposase	 activity.	 The	 'zero-background'	 feature	 is	 based	 on	 the	 toxic	 gene	 ccdB.	 This	 is	
combined	with	 a	 Chloramphenicol	 resistance	 (CmR)	 gene	 to	 facilitate	 a	 positive	 selection	 in	 the	 ccdB-
resistant	 E.	coli	 strain	 DB3.1.	 For	 various	 cloning	 strategies,	 the	 entire	 CmR-ccdB-cassette	 can	 be	
removed	by	restriction	digest	with	the	DNA	endonucleases	AgeI	or	XhoI.	The	identification	of	transgenes	
is	facilitated	either	by	an	α-crystallin-promoter	connected	to	Citrine	(A)	or	mRFP	(C)	or	a	cmlc2-promoter	
in	 combination	 with	 mCherry	 (B),	 mediating	 green	 or	 red	 fluorescence	 in	 the	 eye	 lenses	 or	 red	
fluorescence	 of	 the	 myocardium,	 respectively.	 A/B:	 4xnrUAS	 effector	 constructs.	 The	 vectors	 further	
























































of	Pitx1	 in	 zebrafish.	Putative	Pitx1	 enhancer	1	 (PPE1)	 is	 located	35	kb	upstream	of	Pitx1	 and	putative	
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injected with PPE1 showed mClover fluorescence demonstrating first, that the 
tol2 mRNA is functional and second, that the experimental setup is applicable to 
detect enhancers (Fig. 9C,D). However, mClover expression appeared to be 
limited to muscle cells as it was detectable in fast-twitching (Fig. 9C, arrow) and 
slow-twitching (Fig. 9, arrowhead, asterisk) muscle fibers close to the body-wall.  
 
 
Fig. 9: Identification and testing of potential pelvic fin enhancers. (A) Two putative pitx1 
enhancers (light blue) were identified by comparing a published pitx1 enhancer of stickleback 
with the region 45 kb upstream of pitx1 in zebrafish. Putative pitx1 enhancer 1 is 35 kb and 
putative pitx1 enhancer 2 is located 14 kb upstream of pitx1. Plot was generated with mVista, 
gray bars indicate repetitive sequences. The y-axis shows percentage sequence identity, pink 
shading indicates regions of 20 bp or more that are ≥70% identical. (B) Both putative pitx1 
enhancers, mouse HLEA and stickleback 2x HLEB were cloned into pED and injected into 
fertilized one-cell stage casper embryos together with tol2 mRNA. Prior to injection equal 
amounts of plasmid and mRNA were mixed, final concentration was 80-100 ng/µl each. (C,D) 
mClover fluorescence was monitored throughout the following weeks. At 26 hpf, embryos 
injected with putative pitx1 enhancer 1 showed mClover fluorescence in slow-twitching 
(arrowhead and asterisk) and fast-twitching muscles fibers (arrow). Anterior to the left, lateral 








































































































































Fig.	S19	Transgene	expression	 in	 the	 F3	generation	of	 the	Prrx1a:mClover	zebrafish	 line	 from	founder	
fish	♂22.	mClover	fluorescence	was	visualized	at	ages	of	48	hpf	(A-A''),	72	hpf	(B-B''),	96	hpf	(C-C''),	21	dpf	





















































































































































Fig.	S22	 Eye	 defects	 occurring	 in	 zebrafish	 embryos	 following	 manipulation	 of	 the	 RA	 pathway.	
Injection	of	dnRarα2a	mRNA	(250	-	350	ng/µl)	in	the	one-cell	stage	of	zebrafish	eggs	of	the	Casper	strain	









Abbildung 4: Darstellung der aufgetretenen Augenphänotypen. Schablonenhafte Illustration der Zeb-
rafischköpfe mit Augen. Anterior zeigt nach links.  
 
2.3.6 Pharmakologische Behandlung 
Um die Auswirkungen der Manipulation des Retinsäure-Signalwegs durch chemische Substan-
zen auf die Entwicklung der Augen zu testen, wurden Behandlungen mit 10 µM BMS493 
(Sigma) und 1 µM UVI3003 (Sigma) durchgeführt. Als Kontrolle diente eine Behandlung mit 
reinem DMSO in gleichen Volumina. Es wurden pro Petrischale 30 ml E3-Medium vorgelegt. 
Ca. 60 Eier im 1-Zell-Stadium wurden in jede Schale gegeben. Anschließend wurden die ent-
sprechenden Volumina einer 10 mM Stammlösung der Substanzen zugegeben, um die ge-
wünschten Konzentrationen zu erhalten. Die Schalen wurden für die jeweils zu fixierenden 
Stadien auf verschiedene Temperaturen gestellt (Abb. 3). Tote und Unbefruchtete wurden 
mindestens zweimal täglich entfernt, um das Medium möglichst sauber zu halten, da es wäh-
rend des Versuchs nicht gewechselt wurde. Die Petrischalen mit der UVI3003-Behandlung 
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diesen Mutanten die Bodenplatte und verschiedene Teile des Gehirns sind unterentwickelt 
(Brand et al., 1996). Beispiele hierfür sind cyclops, one-eyed pinhead oder schmalspur. 
shh wirkt sich auf die Expressionen von pax2 und pax6 aus. Überexpression von shh induziert 
pax2 und inhibiert pax6, was zu Hypertrophie des Augenbecherstiels und Reduktion der Re-
tina führt (Macdonald et al., 1995; Ekker et al., 1995). Anterior verkürzte shh-Expression wie 
bei slb könnte daher zu ektopischer Expression von pax2 und/oder Repression von pax6 füh-
ren und so deformierte Augenbecherstiele und näher aneinander liegende Retinas verursa-
chen (Heisenberg et al., 1996). Trotzdem ist es schwer die Expressionsmuster der einzelnen 
Gene miteinander in Zusammenhang zu bringen.  
dnRARα-Expression führt in Hühnerembryonen zu einem Anstieg der Expression von RA-bil-
denden Enzymen und einem Abstieg von RA-abbauenden Enzymen. Zudem war das mit 
dnRARα-mRNA injizi rte Auge verkleinert. Hierbei wurde untersucht, ob dies aufgrund von 
erhöhtem Zelltod oder verminderter -proliferation der Fall war. Es konnte eine signifikante 
Abnahme der Proliferation nachgewiesen werden (Sen et al., 2005). Dies könnte auch beim 
zebrafisch der Fall sein. Es ist möglich, dass die Überexpression von dnRARα die Gehirnent-
wicklung beeinflusst, indem die Zellproliferation inhibiert wird. Da die Gehirnentwicklung di-
rekt mit der der Augen zusammenhängt, kann dies zu Augenfehlentwi klungen führ n. 
 
 
Abbildung 10: Statistische Auswertung des Vorkommens der Augenphänotypen. Die ausgezählten 



























sample:  46JF00_32509915_32509915 
 control:  46JE99_32508246_32508246 
 guide: GGTGTGGACTAACCTCACCG
































sample:  46JF00_32509915_32509915 

















expected cut at 229bp
Warning: left boundary of decomposition window was adjusted 244 . It must be at least 5bp plus the maximum 




sample:  46JF32_32577266_32577266 
 control:  46JF33_32583342_32583342 
 guide: AGGTGGAATGAATGTGGACA






















total eff. = 24.2 %
Warning: the spacing between the nucleotides in (one of) sanger sequence file(s) is not constant. 
                                                                                   This might indicate for wrongly unannotated or wrongly additional annotated nucleotides. 
                                                                                   Decomposition window lower and check the chromotogram for abnormalities.








sample:  46JF32_32577266_32577266 

















expected cut at 209bp
Warning: left boundary of decomposition window was adjusted 224 . It must be at least 5bp plus the maximum 





strain	 at	 the	 one-cell	 stage.	 Genomic	 DNA	 was	 isolated	 of	 a	 pool	 of	 15	 injected	 (test	 sample)	 or	









Fig.	S24	 Identification	 of	 germline	 founders	 using	 T7E1	 assay.	 Exemplary	 T7E1	 assays	 for	 germline	
founders	♂4	and	♂7	(A),	♂6	and	♂8	(B)	and	♂15	(C).	Analysis	took	place	using	a	1.5	%	agarose	gel.	The	
uncleaved	PCR	product	is	about	750	bp	in	length.	Arrowheads	point	to	smaller	fragments	resulting	from	
T7E1	cleavage;	asterisks	 indicate	 the	presence	of	 false	positive	bands	 in	 the	Tyr	T1	control.	C:	 control;	





Figure 10: Identification of Germline Founders Using T7EI-Assay. Exemplary T7EI-assays for positive
germline founders Male 4 and 7 (A), Male 6 and 8 (B) a d Male 15 (C). Another germline founder was
identified, Female 4, but due to a malfunction of the camera no gel-picture could be taken. Positive o spring
of Female 4 could be identified (see Figure 11), proving that it is a germ line founder. (A – C) T7EI-assays
were analyzed using 1.5% agarose gels. The uncleaved Pitx1 PCR product has a size of approximately
750 bp. Arrowhead point to smaller fragments resulting from T7EI cleavage, asterisks indicate the presence
of two bands in the negative control, which is easily distinguishable from the positive control. C = Control,






(50	pg)	was	 first	 co-injected	with	Cas9	mRNA	 (300	pg)	 in	 zebrafish	 embryos	 at	 the	one-cell	 stage	 (F0).	
Adult	F0	fish	were	outcrossed	to	wild	type	fish	of	the	Casper	strain.	The	offspring	(F1	generation)	were	
raised	to	adulthood.	Genomic	DNA	was	isolated	from	fin	tissue	of	adult	F1	fish.	The	targeted	region	was	
amplified	 via	 PCR	 and	 sequenced	 using	 Sanger	 sequencing.	 For	 heterozygous	 individuals	 derived	 by	







sample:  79EC43_91594372_91594372 
 control:  79EC66_91594600_91594600 
 guide: TGCTGGCGCTTCTCGGCAGA
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A	 Pitx1	T19_♂4	F1	
sample:  79EB76_91593702_91593702 
 control:  79EC66_91594600_91594600 
 guide: TGCTGGCGCTTCTCGGCAGA
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p ≥ 0.001
total eff. = 11.2 %
Warning: the spacing between the nucleotides in (one of) sanger sequence file(s) is not constant. 
                                                                                   This might indicate for wrongly unannotated or wrongly additional annotated nucleotides. 
                                                                                   Decomposition window lower and check the chromotogram for abnormalities.
B	 Pitx1	T19_♂6	F1	
C	 Pitx1	T19_♂15	F1	
sample:  79EB73_91593672_91593672 
 control:  79EC66_91594600_91594600 
 guide: TGCTGGCGCTTCTCGGCAGA




















total eff. = 17 %
Warning: the spacing between the nucleotides in (one of) sanger sequence file(s) is not constant. 
                                                                                   This might indicate for wrongly unannotated or wrongly additional annotated nucleotides. 






























Fig.	S26	 Sequence	 information	 of	 homozygous	 Pitx1	 T19	 F2	 fish.	Genomic	 DNA	was	 isolated	 from	 F2	





of	 18	base	pairs	were	deleted	and	nine	new	ones	 added,	 resulting	 in	 the	overall	 deletion	of	nine	base	



















and	 misshaped	 head	 (arrow)	 and	 a	 pronounced	 pericardial	 edema	 (arrowhead)	 (D-F).	 The	 remaining	







Fig.	S28	Pitx1	 expression	 in	Pitx1	 T19	 F2	 generation	 from	 founder	 fish	♂7.	 Expression	of	Pitx1	 in	 the	
pituitary	gland	was	detected	by	whole-mount	in	situ	hybridisation	(WISH)	at	the	14-somite	stage.	Intense	
WISH	staining	was	found	in	all	embryos	derived	from	an	incross	of	adult	F1	fish	that	were	heterozygous	
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punctiform	 pattern	 along	 the	 lepidotrichs.	 P-T:	 Expression	 of	 Cyp26b1.	 Intense	 WISH	 staining	 was	
detected	from	24	hpf	onwards.	The	WISH	staining	was	 first	 located	 in	the	fin	 fold,	extending	along	the	
edge	 to	 the	 endoskeletal	 disk.	 At	 31	dpf	 the	 expression	 domain	 expanded	 distally.	 At	 34	dpf	 the	
expression	domain	was	located	along	the	lateral	borders	of	the	lepidotrichs	and	at	their	bases.	Anterior	
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